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General introduction. 11 
GENERAL I N T R O D U C T I O N . 
One major aim of the circulation is to carry nutrients 
and an energizer (oxygen) to the cells, and to take away the 
products of cell metabolism. Since there is a very limited 
capacity for oxygen storage in the cell or interstitial 
fluids, a constant oxygen supply is essential for normal cell 
function. When the circulation deteriorates, the first pro­
blem arising will be the oxygen requirement. Without oxygen, 
cell metabolism can continue for a short time using the 
inefficient anaerobic pathway. But continuing anoxia, as 
Haldane described it, "not only stops the machinery, it 
wrecks it." Shock can be defined as " a deficient delivery of 
oxygen to the tissue due to a disturbance in the macrocircu-
lation and/or in the microcirculation". Oxygen now can be 
measured in many points of the organism: Inspiratory (F1O2); 
arterial PO2 (РаОг); mixed venous PO2 (РуОг). But, as yet, we 
do not have a clinically practical method to determine oxygen 
in the critical location: the tissue. 
The aim of this study has been to develop a method for 
tissue PO2 measurement, clinically usable, and to assess its 
value as an early indicator of impaired systemic circulation-
shock-as compared to other cardiovascular, hematological, 
biochemical, and blood gas variables. Since shock can be 
induced by very different mechanisms, the assessment of the 
tissue PO2 measurement was tested in a hypovolemic hemorrha­
gic shock model and in a septic (bacteremic) shock model in 
dogs. If the tissue PO2 measurement could be proven an early 
and sensitive indicator of shock, it most probably also could 
be an early and sensitive indicator of the efficiency of the 
therapeutic measures in shock. 
In chapter 1 some general aspects of hemorrhagic shock 
and septic shock will be discussed, as well as the associated 
changes in the macro- and microcirculation. Also factors 
influencing the oxygen partial pressure in tissue are discus­
sed . 
Chapter 2 analyzes the variables clinically utilized to 
monitor patients with an impaired circulation. These v a n a -
bles are mainly measured in the ma с roc ιrcu I a11 on to assess 
the overall oxygen transport function to the tissues and the 
12 General i n t r o d u c t i o n . 
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CHAPTER 1 . 
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d e c r e a s e d or increased c a r d i a c o u t p u t . H o w e v e r , a consistent 
f i n d i n g in septic shock is an i m p a i r m e n t of regional t i s s u e 
p e r f u s i o n (Dietzman et a L . , 1 9 7 3 ) and an impairment of p e r i ­
p h e r a l o x y g e n c o n s u m p t i o n (Seyfer et a l . , 1 9 7 7 ) d e s p i t e a d e ­
q u a t e o x y g e n a v a i l a b i l i t y and c o n s t a n t h e m o g l o b i n c o n t e n t . 
In other w o r d s , in both types of shock i n a d e q u a t e t i s s u e 
p e r f u s i o n c o n c o m i t a n t with an i m p a i r m e n t of the o x y g e n a t i o n 
are the final common p a t h w a y ( H a r d a w a y , 1 9 6 9 ; Shoemaker and 
R e i n h a r d , 1 9 7 3 ; Thys and K a l t e r , 1 9 8 2 ) resulting m a d e ­
creased c e l l u l a r m e t a b o l i s m (Suteu et a l . , 1 9 7 2 ) . 
V a r i a b l e s r e f l e c t i n g an i m p a i r m e n t in the p e r i p h e r a l 
o x y g e n a t i o n (e.g., la eta с ι dem ι a , s k e l e t a l m u s c l e surface p H , 
a l t e r a t i o n in the d i f f e r e n c e b e t w e e n the a r t e r i a l and mixed 
v e n o u s o x y g e n c o n t e n t ) are well d o c u m e n t e d (Broder and W e i l , 
1 9 6 4 ; S c h u m e r and S p e r l i n g , 1 9 6 8 ; Vitek and Cowley, 1 9 7 1 ; 
E l d n d g e , 1 9 7 4 ; Daniel et a l . , 1 9 7 6 ; H o l t z m a n and B a l d e r m a n , 
1 9 7 7 ) . N e v e r t h e l e s s , these v a r i a b l e s are lagging behind the 
actual a l t e r a t i o n in the m i c r o c i r c u l a t i o n , because they r e ­
flect the result of the i m p a i r e d m i t o c h o n d r i a l o x i d a t i v e 
p r o c e s s and t h e r e f o r e are i n d i r e c t l y r e p r e s e n t i n g the m i c r o -
c i r c u l a t o r y f u n c t i o n and not d i r e c t l y . 
C a r d i o r e s p i r a t o r y v a r i a b l e s ( e . g . , blood p r e s s u r e , c a r ­
diac o u t p u t , central v e n o u s p r e s s u r e , a r t e r i a l blood gas 
v a l u e s ) play an important role to a s s e s s the c a r d i o r e s p i r a t o ­
ry f u n c t i o n and the o x y g e n t r a n s p o r t to the t i s s u e , a l t h o u g h 
the m a i n t e n a n c e of these values w i t h i n a normal range does 
not n e c e s s a r i l y result in s u r v i v a l (Cady et a l . , 1 9 7 3 ; S h o e ­
m a k e r et a l . , 1 9 7 4 ) . A d e q u a t e t i s s u e o x y g e n a t i o n and normal 
d i s t r i b u t i o n of cardiac output t h r o u g h o u t the tissues are now 
r e a l i z e d to be much more i m p o r t a n t than m a i n t a i n i n g the 
c a r d i o r e s p i r a t o r y values within n o r m a l r a n g e . 
The c l i n i c a l r e l e v a n c e of the a b o v e - m e n t i o n e d o b s e r v a ­
t i o n s is that tissue PO2 could serve as a v a r i a b l e , and that 
its a l t e r a t i o n s may be i n d i c a t i v e of an early s h o c k . The 
c l i n i c i a n , a l t h o u g h aware of the i m p o r t a n c e of a d e q u a t e 
t i s s u e o x y g e n a t i o n , does not d i s p o s e of a fast (e.g. 15 
m i n u t e s ) and r e l i a b l e b e d s i d e method to a s s e s s d i r e c t l y this 
c r u c i a l f a c t o r . 
This b r i n g s us to the aims of this s t u d y , which are as 
fol lows : 
1) To d e v e l o p a PO2 n e e d l e e l e c t r o d e s u i t a b l e for c l i n i c a l 
a p p l i c a t i o n and to d e v e l o p a m e t h o d for bedside t i s s u e 
PO m e a s u r e m e n t . 
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2) To study the course of skeletal muscle POj in e x p e r i ­
mental h e m o r r h a g i c shock and to i n v e s t i g a t e whether or 
not the skeletal muscle PO2, as compared to the h e m o ­
d y n a m i c , b i o c h e m i c a l , c i r c u l a t o r y , and h e m a t o l o g i c a l 
v a r i a b l e s , may serve as a s e n s i t i v e i n d i c a t o r of early 
h e m o r r h a g i c s h o c k . 
3) To study the course of skeletal m u s c l e PO2 in e x p e r i ­
mental septic shock and to i n v e s t i g a t e whether or not 
the skeletal muscle P O 2 , as compared to the h e m o d y n a ­
m i c , b i o c h e m i c a l , c i r c u l a t o r y , and h e m a t o l o g i c a l v a r i a ­
b l e s , may serve as a s e n s i t i v e indicator of early s e p ­
tic s h o c k . 
In the next p a r a g r a p h some general aspects of changes in 
early h e m o r r h a g i c and septic shock will be d i s c u s s e d as well 
as the changes in the m a c r o - a n d m i c r o c i r c u l a t i o n . Also f a c ­
tors influencing the oxygen p a r t i a l p r e s s u r e in t i s s u e will 
be d i s c u s s e d . 
1.1. SHOCK. 
In an attempt to define shock one must realize that shock 
is a f u n d a m e n t a l entity which is related to the e x i s t e n c e of 
(Suteu et a l . , 1 9 7 7 ) : 
1) an i n t e r v a l of t i m e ; 
2) an a n a t o m i c a l and f u n c t i o n a l i n t e g r i t y ; 
3) a pathologic hemodynamic p h e n o m e n o n . 
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ypes of c l i n i c a l c l a s s i f i c a t i o n 
0; B y r n e , 1 9 6 5 ; H a r d a w a y , 1 9 6 9 ) . 
di oc i г cu la tory impairment caused 
1 ) d i s t u r b a n c e in t h e p u m p f u n c t i o n of t h e h e a r t ; 
2) (relative) deficit of blood volume; 
3) change of tone of the vascular tree. 
Therefore, detection of shock is clinically based on the 
assessment of the cardiac function, of the blood volume, and 
of the vascular tone. 
Early detection of hemorrhagic shock is important because 
it may prevent cardiо с i reu I atory failure (Adiseshiah and 
Baird, 1978; Rayner et al., 1978) concomitant with the pre­
sence of a myocardial depressant factor (Lefer and Martin, 
S h o c k . 17 
1 9 7 0 ) and i n c r e a s e d plasma cat ее ho Lami ne 
W e s t f a l l , 1 9 6 4 ; Garcia - B a r r e n o and Balib 
s u s c e p t i b i l i t y for sepsis (Esrig et a l . , 
reduced a c t i v i t y of the retículo - endoth 
fach and B e n a c e r r a f , 1958) and loss of de 
tion of the spleen ( Z e t t e r s t r ö m , 1 9 7 2 ) ; 
m e t a b o l i s m (Lemieux et a l . , 1 9 6 9 ) caused 
chondrial f u n c t i o n (Rhodes, 1 9 8 1 ) which 
initial h y p e r g l y c e m i a (Schumer et a l . , 19 
g u L o p a t h i e s (Ga г с i a-Bar reno et a l . , 1978 
rio of many o t h e r r e g u l a t o r y f u n c t i o n s . 
Early d e t e c t i o n of septic shock is mor 
it may be a c c o m p a n i e d by increased card 
n o r m o v o l e m i a ( S h o e m a k e r , 1 9 7 1 ) . If septic 
ted in an early stage it may lead to a 
m e t a b o l i s m reflected in h y p o g l y c e m i a (Pey 
Hinshaw et a l . , 1 9 7 6 ) together with incr 
c a t e c h o l a m i n e levels (Marchuk el a l . , 197 
1 9 7 9 ) ; p r i m a r y c o a g u l o p a t h i e s ( H o r w i t z et 
Barreno et a l . , 1 9 7 8 b ) and to d e t e r i o r a 
functions such as oxygen transport and aci 
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1) FIO2 and venti Lati on; 
2) Oxygen exchange through the aLveoLo-capiLLary membrane; 
3) Oxygen carrying capacity of blood; 
4) Ma с roc i г cuLati on; 
5) Mi с roc i г eu Lati on (diffusion conditions, capiLLary den­
sity, e t c . ) ; 
6) Tissue oxygen consumption. 
Factors which influence FIO2, ventiLation, oxygen exchan­
ge through the aLveoLo-capiLLary membrane will not be discus­
sed here. The normal functioning of these factors is easily 
determined by an arterial bLood gas analysis. Oxygen carrying 
capacity of blood, general anatomical and functional aspects 
of the macrocirculation and microcirculation, tissue oxygen 
consumption and factors influencing tissue oxygen supply will 
be discussed in the next paragraphs. 
1.2 OXYGEN CARRYING CAPACITY OF BLOOD. 
Hemoglobin plays an essential role in the oxygen tran­
sport from the alveolus to the site where oxygen is metabo­
lized, i.e., the mitochondria. 
According to Henry's law the amount of oxygen (vol %) 
dissolved in plasma at a given temperature is directly pro­
portional to the partial pressure of oxygen (PO2). At an 
alveolar PO2 of 13.3 kPa (100 m m H g ) , 0.3 ml of oxygen dissol­
ves in 100 ml of plasma. 
Tissue oxygen requirement at rest is approximately 250 
ml/min and would require a cardiac output of at least 83.3 
l/min (Lambertsen, 1974) if hemoglobin were not present. In 
the presence of hemoglobin, this linear relationship turns 
into a sigmoid shape which means that more oxygen can be 
transported by blood than by plasma itself. The oxygen combi­
ning capacity of hemoglobin is 1.34 ml/g (Peters and Van 
Slyke, 1 9 3 1 ) . Thus the oxygen carrying capacity of normal 
blood with 15 gr% active hemoglobin = 15 gr% χ 1.34 = 20 Vol 
% O 2 . The degree of oxygenation of hemoglobin under given 
conditions is expressed by the oxyhemoglobin dissociation 
curve. This dissociation curve reflects the relation between 
the percentage saturation (the proportion of Hb02 to total 
hemoglobin) and the PO2 for fixed pH and temperature. 
The sigmoid shape of the oxygen dissociation curve pro­
vides advantages for the oxygen carrying capacity of blood. 
Oxygen carrying capacity of blood. 19 
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Another factor which i n f l u e n c e s the affinity of h e m o g l o ­
bin for oxygen is i η t r a e r y t h r o c y t i с 2 , 3 - d i p h o s p h o g l y c e r i с 
acid (Benesch and B e n e s c h , 1 9 6 7 ; Chanutin and C u r n i s h , 1 9 6 7 ) . 
2,3-DPG is produced by a side reaction of g l y c o l y s i s within 
the red c e l l . 2,3-DPG reduces the oxygen affinity of h e m o g l o ­
bin directly through binding to h e m o g l o b i n and i n d i r e c t l y by 
lowering the i n t r a e r y t h r o c y t i с pH (McConn, 1 9 7 5 ) . The m a g ­
nitude of the influence of 2,3-DPG upon the P50 of the d i s s o ­
ciation curve is given by the following r e l a t i o n s h i p for 
normal subjec t s and in chronic d i s e a s e (McConn, 1 9 7 5 ) : 
0,440 mmol 2,3 DPG/ml blood = 0.133 kPa (1 mm Hg) 
20 Oxygen carrying capacity of blood. 
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The vascular tree can be a n a t o m i c a l l y divided into the 
m a c r o c i r c u l a t i o n and the m i c r o c i r c u l a t i o n . Functionally they 
are i n s e p a r a b l e , b e c a u s e the m a c r o c i r c u l a t i o n supplies the 
n u t r i e n t s which are e x c h a n g e d in the m i c r o c i r c u l a t i o n . 
The heart (Fig. 1.0, part 1 ) , t h e " W i n d k e s s e l v e s s e l s " (Fig. 
1.0, part 2 ) , and the c a p a c i t a n c e v e s s e l s (Fig. 1.0, part 7) 
c o n s t i t u t e the ma с roc i reu Lati on. 
The driving force for the blood flow to and from the 
m i c r o c i r c u l a t i o n is the heart (Fig. 1.0,part 1) which is "a 
d o u b l e force pump designed to t r a n s f e r venous blood under low 
p r e s s u r e to the d i s t r i b u t i n g a r t e r i e s in sufficient p r e s s u r e 
to e n a b l e its return to the right h e a r t " ( W i g g e r s , 1 9 6 2 ) . 
The heart is subjected to i n f l u e n c e s of the autonomic 
n e r v o u s system. Mild s t i m u l a t i o n of the p a r a s y m p a t h e t i c vagal 
nerve results in a slowing of the heart r a t e , a d i m i n u t i o n in 
the strength of atrial c o n t r a c t i o n , and a marked reduction in 
the conduction velocity through the A-V n o d e , whereas strong 
Macrocirculation. 21 
vagal s t i m u L a t i o n may result in cardiac arrest ( M a r s h a l l , 
1 9 7 4 ) . 
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T h e " W i n d k e s s e l v e s s e l s " ( F i g . 1 . 0 , part 2) t r a n s f o r m the 
p u l s a t i l e a r t e r i a l flow into a fairly steady f l o w . The c a p a -
citance v e s s e l s , as conduits for blood from the m i c r o c i r c u l a -
tion to the h e a r t , act as a blood rese гvoιr ( Fi g . 1 . 0 , part 7 ) . 
The r e g u l a t i o n of the c a r d i o v a s c u l a r system to m a i n t a i n 
a flow a d j u s t e d to a certain insult is very c o m p l e x . In order 
to m a i n t a i n blood p r e s s u r e and blood volume within an optimal 
range the o r g a n i s m receives i n f o r m a t i o n by b a r o r e c e p t о r s , 
volume r e c e p t o r s , and с h e m o r e c e p t о г s . 
Ba го recept o r s , s e n s i t i v e to s t r e t c h , are m a i n l y located 
in the two carotid sinus and in the aortic a r c h . E l e v a t i o n 
of p r e s s u r e in these areas leads to b r a d y c a r d i a , d e c r e a s e in 
m y o c a r d i a l c o n t r a c t i l i t y , a r t e r i o l a r d i l a t a t i o n in most v a s ­
cular beds and a d e c r e a s e d tone in large veins ( M i l n o r , 
1 9 7 4 b ) . The net result of the a d j u s t m e n t is a d e c r e a s e in 
b lood p r e s s u r e . 
Volume r e c e p t o r s are located in the a t r i a . Afferent s i g ­
nals are f o r w a r d e d to the h y p o t h a l a m i c c e n t e r s and m e d u l l a r y 
c a r d i o v a s c u l a r c e n t e r s . Rise in atrial p r e s s u r e p r o m o t e s 
fluid loss via i n h i b i t i o n of A D Η s e c r e t i o n ( M i l n o r , 1 9 7 4 b ) . 
An a d d i t i o n a l f e e d b a c k m e c h a n i s m is by control of the kidney 
excretion of water by the r e m n - a n g ι o t e n s ι η-a Idos te rone m e ­
chanism. 
C h e m o r e c e p t о r s responding to changes in O 2 , CO2 and H+ 
c o n c e n t r a t i o n are located in the carotid and aortic b o d i e s . 
A c t i v a t i o n of the c h e m o r e c e p t o r s results in b r a d y c a r d i a , 
p e r i p h e r a l a r t e r i o l a r c o n s t r i c t i o n and s e c r e t i o n of e n d o g e ­
nous c a t e c h o l a m i n e s (Milnor, 1 9 7 4 b ) . 
C a r d i o v a s c u l a r r e a d j u s t m e n t s of the v a s c u l a r tree to 
h y p o v o l e m i c shock occur swiftly by an increase in cardiac 
p e r f o r m a n c e and c o n s t r i c t i o n in the p e r i p h e r a l v a s c u l a r 
b e d s . R e p l e n i s h m e n t of fluid from the m i c r o c i r c u l a t i o n is the 
final r e a d j u s t m e n t , but requires a longer period of t i m e . 
In dogs a h e m o r r h a g e of 2 0 % of the blood volume results 
22 Mac roc ι reu L a 11 on . 
in a 1 0 0 % blood v o l u m e r e p l a c e m e n t 28 h o u r s after the onset 
of h e m o r r h a g e , with the h i g h e s t refill rate during the first 
6 h o u r s (34.5 + 4.5 ml per h o u r ) ( S k i l l m a n et a l . , 1 9 6 8 ) . 
This rise of p l a s m a v o l u m e after h e m o r r h a g e may be e x p l a i n e d 
by the S t a r l i n g h y p o t h e s i s of fluid e x c h a n g e a c r o s s the 
c a p i l l a r y m e m b r a n e ( S k i l l m a n et a l . , 1 9 6 8 ) , a l t h o u g h Cope and 
L i t w i n ( 1 9 6 2 ) s u g g e s t e d that the i n c r e a s e d flow of t h o r a c i c 
duct lymph p l a y s a m o r e i m p o r t a n t r o l e . 
Ma с r o c i r c u l â t ! o n . 
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tissue oxygen consumption 
Figure 1.0 - S c h e m a t i c r e p r e s e n t a t i o n of the c i r c u l a t i o n and 
the lungs which both are i n v o l v e d in the o x y g e n t r a n s p o r t 
from the a m b i e n t air to the t i s s u e s . The heart (part 1 ) , the 
" w i n d k e s s e l " v e s s e l s (part 2 ) , and the c a p a c i t a n c e v e s s e l s 
(part 7 ) r e p r e s e n t the m a c r o c i r c u l a t i o n , w h e r e a s the p r e c a ­
p i l l a r y r e s i s t a n c e v e s s e l s (part 3 ) , the p r e c a p i l l a r y s p h i n c ­
ters (part 4 ) , the c a p i l l a r y bed (part 5 ) , and the p o s t ­
c a p i l l a r y r e s i s t a n c e v e s s e l s (part 6 ) r e p r e s e n t the m i c r o c i r ­
c u l a t i o n . 
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1 . 4 . MICROCIRCULATION. 
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1.5 M I C R O C I R C U L A T I O N AND O X Y G E N S U P P L Y . 
The d i s t r i b u t i o n of o x y g e n in a simple p a r a l l e l c a p i l l a r y 
system can be c a l c u l a t e d from the Krogh - Erlang e q u a t i o n . 
This model is able to e l u c i d a t e the o x y g e n d i s t r i b u t i o n in 
t i s s u e but a s s u m e s a very s i m p l e v a s c u l a r b e d . 
Krogh and Erlang (1919) d e v e l o p e d an e q u a t i o n to c a l c u ­
late the o x y g e n p r e s s u r e at a d i s t a n c e χ from the center of 
a c a p i l l a r y with a d i a m e t e r г , which s u p p l i e s a t i s s u e 
c y l i n d e r with a d i a m e t e r R: 
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N e v e r t h e l e s s , d e v i a t i o n s from t h e s e a s s u m p t i o n s are o f t e n 
of m i n o r c o n s e q u e n c e ( K r e u z e r , 1 9 8 2 ) and t h e r e f o r e the K r o g h -
E r l a n g e q u a t i o n r e m a i n s h e l p f u l to u n d e r s t a n d the o x y g e n 
d i s t r i b u t i o n in t i s s u e , a l t h o u g h it c a n n o t be used for q u a n ­
t i t a t i v e e v a l u a t i o n of o x y g e n t r a n s p o r t in t i s s u e (Honig and 
B o u r d e a u - M a r t i n i , 1 9 7 4 ) . 
U s i n g K r o g h ' s m o d e l , R a k u s a n ( 1 9 7 1 ) c o m p u t e d the c h a n g e 
in m y o c a r d i a l t i s s u e PO2 at the p e r i p h e r y of the t i s s u e c y ­
l i n d e r , as i n f l u e n c e d by the main d e t e r m i n a n t s : m y o c a r d i a l 
o x y g e n c o n s u m p t i o n , m y o c a r d i a l blood f l o w , a r t e r i a l o x y g e n 
c o n t e n t , r a d i u s of t i s s u e c y l i n d e r , c a p i l l a r y r a d i u s , and 
K r o g h ' s o x y g e n d i f f u s i o n c o e f f i c i e n t . T h i s is shown in Fig. 
1. 1 , w h e r e the i n i t i a l c o n d i t i o n is r e p r e s e n t e d by 1 0 0 % . The 
m e a n t i s s u e PO2 can be c a l c u l a t e d from the Krogh - Er l a n g 
e q u a t i o n . A c c o r d i n g to T e n n e y ' s ( 1 9 7 4 ) c o m p u t a t i o n s , the m e a n 
t i s s u e PO2 is e q u a l to the v e n o u s PO2 in ma n y c a s e s . 
P 0 2 TORR 1 
100
 Ί 
8 0 -
60- \ У"^ 
40 — ^ Л / ^ ~ 
20- / Njv 
\R ^ V M 
О 100 2 0 0 3 0 0 4 0 0 
0/o of initial conditions 
Figure 1.1 - Alterations in myocardial PO2 as a result of 
alterations in oxygen determinants. F = myocardial blood 
flow, M = myocardial oxygen consumption, С = oxygen content 
of the arterial blood, R = tissue cylinder radius, r = capil­
lary radius, К = Krogh's diffusion coefficient. (Fig. 4, p.39 
from Rakusan, 1971; reproduced with permission from author 
and Charles С Thomas, Publisher, Springfield, Illinois, 
U.S.A. ) . 
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pre-capil l 
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MICROCIRCULATION 
Krogh's oxygen 
• diffusion coefficient 
' red blood cell size 
• adherence of cellular 
blood components 
tissue oxygen consumption 
Figure 1.2 - Schematic representation of the mac roc ircu lat i on 
(parts 1, 2, 7 ) , and the mi c r o c i r c u l a t i o n (parts 3, 4, 5, 6 ) . 
The intercapillary d i s t a n c e , the capillary r a d i u s , the capi l ­
lary flow, the capillary oxygen content, Krogh's oxygen d i f ­
fusion coefficient, the red blood cell size, and the adheren­
ce of cellular blood components are det e r m i n a n t s which in­
fluence tissue P O 2. 
M i c r o c i r c u l a t i o n and Oj s u p p l y . 29 
15 kPa 
Figure 1.3 - The upper part s h o w s a PO2 p r o f i l e from s k e l e t a l 
m u s c l e t i s s u e o b t a i n e d with a PO2 n e e d l e e l e c t r o d e . The 
m i d d l e part is the c o r r e s p o n d i n g PO2 h i s t o g r a m . The Lower 
part is the same PO2 h i s t o g r a m but r e p r e s e n t e d in a c u m u l a t i -
ve form. 
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Various organs have their own characteristic POj his­
togram (Kessler et aL., 1976; Fig. 1.4), although there is an 
overaLl similarity (Hauss et aL., 1982, p . 5 2 ) . Deviations 
from a normoxic PO2 histogram may result from hypoxia (Left 
shift of the PO2 histogram) or hyperoxia (right shift of the 
PO2 histogram). Furthermore, when measuring skeletal muscle 
PO2 the site of the measurement ( e.g., leg or arm) may 
influence the extent of a left or right shift of the PO2 
histogram due to differences in perfusion and oxygen consump­
tion (Kopp et al., 1981) . 
L GORNANDT and M KESSLER 1973 
liver 
n . 6 5 9 
R RINK and M KESSLER 1973 
duodenun 
η i 330 
К MESSMER et al 1972 
pancreas 
η-255 
20 40 60 80' 100 POaímmHg) 
Figure 1.4 - PO2 histograms of various organs. The arrows 
indicate venous PO2. Reproduced from Kessler et al.(1976) 
with permission. 
In case of emergency such as shock, the regional blood 
flow is centralized in favor of the vital organs whose im-
pairment therefore is delayed. Skeletal muscle however, which 
does not belong to the vital organs, is disfavored early and 
thus often mirrors an early impairment of systemic circula-
tion (Lubbers, 1981). Its importance is further emphasized by 
the fact that it constitutes 40-50% of the total body mass 
and has a large share (about 30%) of the total oxygen con-
sumption in normal human subjects at rest (Hauss et al., 
1982). Furthermore, skeletal muscle is easily accessible. 
Therefore skeletal muscle tissue is the first choice as a 
Tissue O2 consumption. 31 
s i t e for a P O 2 m e a s u r e m e n t to d e t e r m i n e an 
o x y g e n a t i o n and t h u s t o d e t e c t e a r l y s h o c k . 
i m p a i r m e n t of 
1.6 T I S S U E O X Y G E N C O N S U M P T I O N . 
O x y g e n t e n s i o n a d j a c e n t to c e L L s is i n f l u e n c e d by t h e 
u t i l i z a t i o n of o x y g e n w i t h i n t h a t c e l l . H i g h o x y g e n c o n s u m p ­
t i o n in t h e c e l l r e d u c e s o x y g e n c o n c e n t r a t i o n o u t s i d e t h e 
c e l l . The s t e e p e r c o n c e n t r a t i o n g r a d i e n t s ( S i l v e r , 1 9 8 1 ) w i l l 
a c c e l e r a t e d i f f u s i o n . T h i s m e a n s t h a t a t i s s u e w i t h a h i g h 
o x y g e n c o n s u m p t i o n w i l l s h o w s t e e p o x y g e n g r a d i e n t s . T h e 
K r o g h - E r l a n g e q u a t i o n ( 1 . 5 ) s h o w s a l i n e a r r e l a t i o n s h i p b e ­
t w e e n o x y g e n t e n s i o n g r a d i e n t and t i s s u e o x y g e n c o n s u m p t i o n . 
1 . 7 . 0 S K E L E T A L M U S C L E A N D F A C T O R S I N F L U E N C I N G S K E L E T A L M U S C L E 
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important variable to regulate flow: 
Ç? Ρ 
θηΐ 
, where Q is the flow, Ρ is the p e r f u s i o n p r e s s u r e , I is the 
length ot the v e s s e l , q is the v i s c o s i t y of blood and г is 
the vessel r a d i u s . Therefore the three control m e c h a n i s m s are 
re g u l a t i n g the vessel d i a m e t e r by af f e c t i n g the vascular 
smooth m u s c l e . 
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1.7.1 NERVOUS CONTROL OF SKELETAL MUSCLE BLOOD FLOW. 
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mechanism for the muscle circulation 
ponents (Hudlicka, 1973): vasocon-
ilator fibers, sensory nerve fibers, 
nal cord and brain. Activation of 
result in vasoconstriction or vasodi-
e fiber type. One sympathetic fiber 
line as a neurotransmitter resulting 
hereas the other fiber type releases 
in vasodilation. 
I vascular resistance caused by acti-
soconstπctor fibers (Hudlicka, 1973) 
ing of the arterioles with a 30 /urn 
Lisander, 1969) and by closing of 
(Gray, 1971). Stimulation of sympa-
s has a s ho гt-la s11ng effect because 
y exhausted and do not interfere with 
through the nutritive vascular bed 
trictor activity preveáis over sympa-
vity with respect to reduced vascular 
1973), to trans cap ι I I ary transport 
) and to oxygen consumption. 
fibers of the sympathetic nervous 
scie are sensory nerve fibers, and 
is associated with different changes 
cka, 1973). Lack of oxygen, excess 
carbon dioxide influence positively 
ve fibers provided there is normovo-
e located on spinal cord level (late-
inal level. The supraspinal vasomotor 
ne of the vascular smooth muscle by 
s in the medulla oblongata (Hudlicka, 
1.7.2 HORMONAL INFLUENCES ON SKELETAL MUSCLE BLOOD FLOW, 
Vascular smooth muscles have an alpha receptor and a beta 
receptor. Alpha receptors are mainly represented in the skin, 
whereas beta receptors are found in skeletal muscle and heart 
muscle. Stimulation of alpha receptors results in vasocon­
striction and beta stimulation in vasodilatation. 
34 skeletal muscle blood flow. 
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1.7.3 A U T O R E G U L A T I O N OF THE SKELETAL MUSCLE BLOOD FLOW. 
Various metabolic factors (CO2; osmol 
arterial wall P O 2 ; lack of o x y g e n ; lacti 
the vascular smooth muscle tone and the va 
Some are thought to play an essential role 
tion of the m i c r o c i r c u l a t i o n , such as th 
(Duling, 1 9 8 0 ) or tissue PO2 (Granger and 
whereas others (e.g., CO2) play a minor ro 
Carbon dioxide has a weak vasodilator 
muscle (Haddy and Scott, 1 9 6 8 ) . Kontos 
effect of hypercapnic acidosis on the lo 
blood flow in the skeletal muscle of the f 
acidosis was induced by inhalation of C O 2 , 
m i n i s t r a t i o n of 0.9% NaCl equilibrated wi 
tion of C O 2 , and intraarterial administ 
sodium p h o s p h a t e buffers (pH 5.8, pH 7 . 4 ) . 
that hypercapnia played only a small rol 
hyperemia or contraction hyperemia in sk 
therefore it may be concluded that CO2 ace 
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m o d e l , the a 
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o r i g i n a t e from 
o r i f i c e s , the 
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Duli ng and 
small a r t e r i e s 
found a PO2 of 
mm H g ) , and 2 
were about 0 
i n t r a l u m i n a l 
long i tud i na Ι о 
r et a l . , 1 9 6 6 ) that c h a n g e s in pH i n f l u e n c e 
a s c u l a r smooth m u s c l e ; e.g., a pH drop from 7.4 
c o m p a n i e d by a r e s i s t a n c e drop of the isolated 
by 8 7 % . H o w e v e r , when lactic acid is injected 
k e l e t a l m u s c l e t i s s u e t o g e t h e r with І З З Х е , the 
Xenon i n c r e a s e s only s l i g h t l y and t r a n s i e n t l y , 
at n u t r i t i v e blood flow is hardly a f f e c t e d by 
f lactic acid (Cross and G i m l e t t e , 1 9 6 6 ) . 
is also a Local m e t a b o l i t e which a f f e c t s s k e l e -
od f l o w , a l t h o u g h an increased p o t a s s i u m c o n -
g e t h e r with hypoxic blood cause a g r e a t e r v a s o -
n any of the two f a c t o r s (Skinner and P o w e l l , 
and Costo (1971) found that o x y g e n d e f i c i e n c y , 
d o s m o l a l i t y i n t e r r e l a t e with respect to s k e l e -
o d i l a t a t i o n , showing the c o m p l i c a t e d i n t e r a c -
ocal m e t a b o l i t e s in skeletal m u s c l e . 
m o d e l s ( Granger and S h e p h e r d , 1 9 7 3 ; D u l i n g , 
η d e v e l o p e d to e x p l a i n r e g u l a t i o n m e c h a n i s m s of 
ort within the m i c r o c i r c u l a t i o n . These m o d e l s 
st c a p i l l a r i e s are not patent in rest and that 
h a n i s m s m o d u l a t e blood flow in accord to the 
requ i rement s. 
to Sparks ( 1 9 8 0 ) , two c r i t e r i a must be met if a 
essel wall PO2 may be c o n s i d e r e d as a m e d i a t o r 
i on : 
on of the vessel wall PO2 must p r e c e d e the a l -
in the v a s c u l a r t o n e ; 
wall PO2 must fall enough to cause v a s c u l a r 
u s c l e d i l a t a t i o n . 
9 8 0 ) p r o p o s e s a largely h y p o t h e t i c a l , p a s s i v e 
el to e x p l a i n the a u 1 0 r e g u I at i on of the m i c r o -
e d i a t e d by the a r t e r i o l a r wall P O 2 . In this 
r t e r i o l a r tone d e t e r m i n e s w h e t h e r or not the 
i l l a r i e s are closed or o p e n . Since c a p i l l a r i e s 
the a r t e r i o l a r d i a m e t e r and may have small 
a r t e r i o l a r d i a m e t e r c o r r e s p o n d s to a n u m b e r of 
r i e s . 
B e r n e (1970) d e t e r m i n e d the PO2 of the wall of 
, of a r t e r i o l e s , and of t e r m i n a l a r t e r i o l e s and 
a p p r o x i m a t e l y 4.6 kPa (35 mm H g ) , 3.7 kPa (28 
.6 kPa (20 mm H g ) r e s p e c t i v e l y . These v a l u e s 
.13 kPa (1 mm Hg) less than the c o r r e s p o n d i n g 
PO2 v a l u e s . he same a u t h o r s also found a 
xygen g rad i e n t . 
36 Summa ry . 
Other s t u d i e s ( S k i n n e r , 1 9 7 5 ; S p a r k s , 1 9 7 8 ) have shown 
that the a r t e n a L PO2 must fall beLow a c e r t a i n t h r e s h o l d to 
i n d u c e v a s o d i l a t a t i o n , which a p p e a r s to be about 5.3 кРа (АО 
mm H g ) ( D a u g h e r t y et a l . , 1 9 6 7 ) . Since the a r t e r i o l a r wall 
PO2 is a p p r o x i m a t e l y 0.13 kPa (1 m m H g ) less than the a r t e r i o ­
lar P O 2 , it remains d o u b t f u l w h e t h e r the a r t e r i a l wall PO2 
p l a y s an i m p o r t a n t role in the a u t o r e g u I a11 on of the m i c r o ­
c i r c u l a t i o n . In the p r e c a p i l l a r y s p h i n c t e r m o d e l , the h y p o ­
t h e s i s is that local t i s s u e PO2 i n f l u e n c e s the p r e c a p i l l a r y 
s p h i n c t e r as well as the a r t e r i o l e s . B o u r d e a u - Martini and 
H o m g ( 1 9 7 3 ) have shown that a lowered a r t e r i a l PO2 value 
c a u s e s a r e d u c t i o n of the ιnte reap ι I I ary d i s t a n c e . This s u g ­
g e s t s that a lowered tissue PO2 can open a o r e c a p i l l a r y 
s p h i n c t e r d i r e c t l y or i n d i r e c t l y . 
G r a n g e r et a l . (1976) e m p h a s i z e d the i m p o r t a n c e of the 
v e n o u s PO2 v a l u e . These a u t h o r s d e m o n s t r a t e d that a venous 
PO2 b e l o w 4.0 kPa (30 mm Hg ) a f f e c t e d the r e s i s t a n c e v e s s e l s . 
These f i n d i n g s suggest that the a u t 0 r e g u I a11 on of the r e s i s ­
t a n c e v e s s e l s b e c o m e s important when t i s s u e PO2 drops below a 
c r i t i c a l v a l u e , w h e r e a s tissue PO2 is n o r m a l l y d e t e r m i n e d by 
the p r e c a p i l l a r y s p h i n c t e r t o n e , which is s e n s i t i v e to v a s o ­
d i l a t o r m e t a b o l i t e s . 
1.8 S U M M A R Y . 
The i m p o r t a n t role of oxygen p a r t i a l p r e s s u r e in tissue 
for the r e c o g n i t i o n of early h e m o r r h a g i c and septic shock has 
been d i c u s s e d . In shock i n a d e q u a t e t i s s u e p e r f u s i o n o c c u r s 
first in the n o n - v i t a l t i s s u e s (e.g., s k e l e t a l m u s c l e t i s ­
s u e ) , w hich m e a n s that d e t e c t i o n of e a r l y h e m o r r h a g i c and 
septic shock could be done by s k e l e t a l m u s c l e PO2 a s s e s s m e n t . 
The o x y g e n c a r r y i n g capacity of b l o o d , d e t e r m i n e d by the 
o x y g e n s a t u r a t i o n of h e m o g l o b i n , the o x y g e n c o m b i n i n g c a p a c i ­
ty of blood and the h e m o g l o b i n c o n c e n t r a t i o n , is an important 
s y s t e m i c f a c t o r for tissue o x y g e n a t i o n . Factors i n f l u e n c i n g 
the l o c a t i o n of the o x y g e n d i s s o c i a t i o n curve are d i s c u s s e d 
as well as the i m p o r t a n c e of the s i g m o i d shape of the oxygen 
d i s s o c i a t i o n curve with respect to t i s s u e o x y g e n a t i o n . 
The K r o g h - E r l a n g e q u a t i o n is h e l p f u l to u n d e r s t a n d the 
d e t e r m i n a n t s of the oxygen d i s t r i b u t i o n in a simple c a p i l l a r y 
s y s t e m , in spite of the a s s u m p t i o n s and s i m p l i f i c a t i o n s . It 
is e x p l a i n e d why the o x y g e n a t i o n of an o r g a n should be e x ­
p r e s s e d in a c u m u l a t i v e PO2 h i s t o g r a m instead of using a mean 
PO2 v a l u e or a PO2 h i s t o g r a m . F u r t h e r m o r e , it is e x p l a i n e d 
Summa гу . 37 
why s k e l e t a l m u s c l e t i s s u e is the first site of c h o i c e for a 
PO2 m e a s u r e m e n t to d e t e c t early h e m o r r h a g i c and s e p t i c s h o c k . 
As s k e l e t a l m u s c l e PO2 is i m p o r t a n t with respect to 
d e t e c t early s h o c k , d i f f e r e n t t y p e s of blood s u p p l y of s k e l e ­
tal m u s c l e are b r i e f l y r e v i e w e d . 
A n u m b e r of f a c t o r s i n f l u e n c e s k e l e t a l m u s c l e P O 2 , e s p e ­
cially the m a g n i t u d e of blood f l o w , which is s u b j e c t e d to 
n e u r a l , h o r m o n a l , and a u t о r e g u lat0ry c o n t r o l . 
3 8 Arterial blood p r e s s u r e . 
CHAPTER 2. 
C L I N I C A L C A R D I O R E S P I R A T O R Y V A R I A B L E S IN S H O C K . 
2.0 I N T R O D U C T I O N . 
The p u r p o s e of this c h a p t e r is to d i s c u s s briefly the 
v a r i a b l e s which may be c l i n i c a l l y used to detect an early 
s h o c k . The v a r i a b l e s to a s s e s s the c o n d i t i o n of a p a t i e n t , in 
regard to an early s h o c k , are n u m e r o u s a l t h o u g h close o b s e r ­
v a t i o n and p h y s i c a l e x a m i n a t i o n remain most important ( H a r d a -
w a y , 1 9 7 9 ) . 
C i r c u l a t o r y impairment can be e v a l u a t e d by assessment of 
ma с roc i г cu la tory and m i с roc i reu latoгу v a r i a b l e s . No si n g l e 
v a r i a b l e is specific or d e t e r m i n e s w h e t h e r the patient is in 
shock or n o t . I n t e r p r e t a t i o n of the h e m o d y n a m i c v a r i a b l e s can 
be c u m b e r s o m e b e c a u s e in a normal p o p u l a t i o n these v a r i a b l e s 
are s u b j e c t e d to a 2 0 % stan d a r d d e v i a t i o n . The wide range of 
nor m a l values is due to the e l u s i v e n e s s of the basal s t a t e , 
d i f f e r e n c e s in t e c h n i q u e s of m e a s u r e m e n t and true b i o l o g i c 
v a r i a t i o n ( M i l n o r , 1 9 7 4 a ) . 
2.1 A R T E R I A L BLOOD P R E S S U R E (Fig. 2 . 0 ) . 
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A r t e r i a l blood p r e s s u r e . 
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Figure 2.0 - S c h e m a t i c r e p r e s e n t a t i o n of the m a c r o c i r c u l a t i o n 
(parts 1, 2, 7) and the m i c r o c i r c u l a t i o n (parts 3, 4 , 5, 6 ) . 
Blood v o l u m e i n f l u e n c e s the heart f u n c t i o n , as well as a r t e ­
rial blood p r e s s u r e , u r i n a r y o u t p u t , and ce n t r a l v e n o u s blood 
p r e s s u r e . Cardiac o u t p u t , s y s t o l i c and d i a s t o l i c blood p r e s ­
s u r e , c e n t r a l v e n o u s blood p r e s s u r e , p u l m o n a r y a r t e r i a l blood 
p r e s s u r e , p u l m o n a r y c a p i l l a r y w e d g e p r e s s u r e , and v e l o c i t y of 
blood are h e m o d y n a m i c v a r i a b l e s which play a role to a s s e s s 
the p a t i e n t ' s c o n d i t i o n with respect to o x y g e n t r a n s p o r t to 
and from the t i s s u e s . 
40 Cardiac output. 
General-Ly, under basal c o n d i t i o n s , the s y s t o l i c p r e s s u r e 
m b r a c h i a l a r t e r i e s is between 100 and 150 mm Hg and the 
d i a s t o l i c p r e s s u r e is b e t w e e n 60 and 90 mm Hg. Normal v a l u e s 
of the a r t e r i a l blood p r e s s u r e may i n c r e a s e with a g e . 
In shock blood p r e s s u r e is m o s t l y d e p r e s s e d . H o w e v e r , 
shock can also be a c c o m p a n i e d by a n o r m a l or elevated blood 
p r e s s u r e . S k i l l m a n et a l . (1967) s t u d i e d the h e m o d y n a m i c 
e f f e c t s of blood loss (15% of the blood v o l u m e ) in man and 
compared a r a p i d , s l o w , v e n o u s , and a r t e r i a l h e m o r r h a g e . When 
f i n a l l y a blood p r e s s u r e drop was r e c o r d e d , the a r t e r i a l 
h e m o r r h a g e resulted in a 3% lower mean a r t e r i a l blood p r e s -
sure w h e r e a s v e n o u s h e m o r r h a g e r e s u l t e d in a 1 6 % r e d u c t i o n of 
the mean a r t e r i a l blood p r e s s u r e . A more p r o l o n g e d and g r e a t -
er drop in blood p r e s s u r e was o b s e r v e d in v e n o u s h e m o r r h a g e . 
Slow h e m o r r h a g e resulted in a 5% drop of the mean a r t e r i a l 
blood p r e s s u r e and fast h e m o r r h a g e reduced a 1 2 % drop of the 
mean a r t e r i a l blood p r e s s u r e . 
As early as 1927 Blalock d e c n b e d the c l i n i c a l value of 
the blood p r e s s u r e as f o l l o w s : " the blood p r e s s u r e is an 
i n a d e q u a t e g u i d e to the state of the c i r c u l a t i o n in in c i p i e n t 
s h o c k " . 
2.2 CARDIAC O U T P U T (Fig. 2 . 0 ) . 
Cardiac output is the pr o d u c t of heart rate and strok e 
v o l u m e . The normal value of cardiac output varies with body 
s i z e . Cardiac index r e l a t e s cardiac output to total body s u r -
face and is more s u i t a b l e in c o m p a r i n g i n d i v i d u a l s . Body s u r -
face is e s t i m a t e d from the DuBois h e i g h t - w e i g h t e q u a t i o n . 
Resting cardiac index v a n e s with a g e , r e a c h i n g a m a x i m u m 
v a l u e at the age of about 10 y e a r s . Above the age of 18 years 
the n o r m a l mean cardiac index is a p p r o x i m a t e l y 3.5 L / m i n / m 2 
with a 9 5 % range w i t h i n 2.1 and 4.9 L / m i n / m 2 (Donald et a l . , 
1 9 5 5 , Chapman et a l . , 1 9 6 0 ; Reeves et a l . , 1 9 6 1 ; Wade and 
B i s h o p , 1 9 6 2 ) . Cardiac output can be d e t e r m i n e d a c c o r d i n g to 
the direct Pick method using the f o r m u l a : 
.. . ^ ,.
 x Op Consumption 
Cardiac Output - Arter ial O2 content Mixed Venous O2 content 
This m e t h o d is not s u i t a b l e for ro u t i n e c l i n i c a l a p p l i c a t i o n . 
It is c u m b e r s o m e for the c l i n i c i a n as well as for the p a t i e n t 
b e c a u s e of the need to m e a s u r e o x y g e n c o n s u m p t i o n u t i l i z i n g a 
Cardiac output. 41 
Douglas bag or s p i r o m e t e r . 
The ι n d ι c a t о r - d η L u 1 1 on m e t h o d (indirect Pick m e t h o d ) is 
a n o t h e r m e t h o d . A f t e r i n j e c t i o n of an i n d i c a t o r (mostly i n d o -
c y a m n e ) an a r t e r i a l dye c u r v e r e l a t e d to t i m e is r e c o r d e d . 
The ratio of a m o u n t of dye i n j e c t e d and the i n t e g r a t e d area 
under the c u r v e r e p r e s e n t s the c a r d i a c o u t p u t . T o t a l c o l o r i n g 
of the p a t i e n t with the dye may i n t e r f e r e with p h y s i c a l 
e x a m i n a t i o n , w h i c h is very i m p o r t a n t in e v a l u a t i n g the c o n d i ­
tion of a p a t i e n t in s h o c k . 
The t h e r m o - d i l u t ι on m e t h o d u t i l i z e s an a l t e r a t i o n of 
blood t e m p e r a t u r e as an i n d i c a t o r . A known q u a n t i t y of 0.9% 
saline or d e x t r o s e with a known low t e m p e r a t u r e is i n j e c t e d 
into the right a t r i u m . A t h e r m i s t o r , placed in the p u l m o n a r y 
a r t e r y , r e c o r d s the d i l u t i o n c u r v e . Cardiac o u t p u t is c a l c u ­
lated from the d i f f e r e n c e b e t w e e n the t e m p e r a t u r e of the 
bolus and the p u l m o n a r y blood (Ganz and S w a n , 1 9 7 2 ) . 
C o m p u t e r i z a t i o n has r e s u l t e d in r e l i a b l e c a r d i a c o u t p u t 
d e t e r m i n a t i o n s and the use of flow d i r e c t e d t h e r m o d i l u t i o n 
c a t h e t e r s a l l o w s b e d s i d e c a r d i a c output d e t e r m i n a t i o n . This 
c a t h e t e r may be i n t r o d u c e d t h r o u g h the j u g u l a r , s u b c l a v i a n , 
b r a c h i a l , b a s i l i c or f e m o r a l vein into the p u l m o n a r y a r t e r y . 
D e c r e a s e d c a r d i a c output is a c c o m p a n i e d by a r e d i s t r i b u ­
tion of c a r d i a c o u t p u t . Using labeled m i c r o s p h e r e s in a 
h e m o r r h a g i c s h o c k e x p e r i m e n t in d o g s . S l a t e r et a l . ( 1 9 7 3 ) 
showed the r e d i s t r i b u t i o n of c a r d i a c output to v a r i o u s o r ­
g a n s . During e a r l y h y p o t e n s i o n v a r i o u s g r o u p s of o r g a n s 
could be i d e n t i f i e d . H e a r t , b r a i n , liver and d i a p h r a g m showed 
an i n c r e a s e in the p e r c e n t a g e of cardiac o u t p u t w h i l e a 
m o d e r a t e d e c r e a s e was found in g u t , k i d n e y , skin and s k e l e t a l 
m u s c l e . 
H y p o x i a itself i n f l u e n c e s the r e g i o n a l d i s t r i b u t i o n of 
cardiac o u t p u t (Adachi et a l . , 1 9 7 6 ) . A h y p o x i a of 1 0 % O2 a l ­
ters c o r o n a r y blood flow (ml/100g per m i n ) from 60 + 19 to 82 
+ 22 and s k e l e t a l m u s c l e blood flow from 5.6 + 3.1 to 5.1 + 
2.9, w h e r e a s a 5% h y p o x i a c a u s e s an a l t e r a t i o n of the c o r o n a ­
ry blood flow from 57 + 13 to 220 + 5 4 , and of s k e l e t a l 
blood flow from 6.1 + 4.2 to 4.6 + 3 . 4 . T h e s e f i n d i n g s show 
that the m y o c a r d i u m is b e t t e r p r o t e c t e d a g a i n s t h y p o x i a than 
the s k e l e t a l m u s c l e t i s s u e by a u 1 0 r e g u la tory flow r e d i s t r i b u ­
tions which are called " c e n t r a l i z a t i o n of the c i r c u l a t i o n " . 
Anemia a l s o a f f e c t s the c i r c u l a t o r y c o n d i t i o n . V a t n e r et 
a l . ( 1 9 7 2 ) found that m o d e r a t e a n e m i a (Hct = 2 2 ) in the 
c o n s c i o u s dog i n c r e a s e d the heart rate from 73 to 105 b e a t s 
/min, a l t e r e d the c o r o n a r y blood flow by + 7 5 % , and the iliar 
42 Central venous pressure. 
flow by + 4 5 % . During severe a n e m i a (Het = 14) heart rate 
i n c r e a s e d to 129 b e a t s / m i n , and the i n c r e a s e s of c o r o n a r y 
and iliac blood flow were + 2 2 7 % and + 1 0 2 % respec11 ν ιly. 
S e p t i c shock in man may be a c c o m p a n i e d by high or low 
c a r d i a c output and by low or e l a v a t e d total v a s c u l a r r e s i s ­
t a n c e (MacLean et a l . , 1 9 6 5 ; B o r d e r et a l . , 1966; S h o e ­
m a k e r , 1 9 7 0 ; Wilson et a l . , 1 9 7 1 ; Neely et a l . , 1 9 7 1 ) . 
C a r d i a c output as a single value is not useful to detect 
e a r l y s h o c k , a l t h o u g h it a l l o w s c o m p u t i n g total v a s c u l a r 
r e s i s t a n c e and o x y g e n flux when a S w a n - G a n z catheter is 
ut ι 11 zed . 
2 . 3 . C E N T R A L V E N O U S P R E S S U R E (Fig. 2 . 0 ) . 
Central venous p r e s s u r e can be a c c u r a t e l y measured by a 
c a t h e t e r i n t r o d u c e d into a p e r i p h e r a l vein and passed up into 
the s u p e r i o r cavai vein or right a t n u m . Central venous 
p r e s s u r e , i n f l u e n c e d by m y o c a r d i a l f u n c t i o n , blood v o l u m e , 
t o n e of the v e n o u s w a l l , and i n t r a t h o r a c i c p r e s s u r e , may be 
c o n s i d e r e d a distal h e m o d y n a m i c v a r i a b l e , whereas a r t e r i a l 
blood p r e s s u r e r e p r e s e n t s a p r o x i m a l h e m o d y n a m i c v a r i a b l e 
(Suteu et a l . , 1 9 7 2 ) . 
Normal v a l u e s are 5 to 12 c e n t i m e t e r s of water ( H a r d a w a y , 
1 9 7 9 ) . A l t h o u g h there is a close r e l a t i o n s h i p between blood 
v o l u m e and central v e n o u s p r e s s u r e ( H a r d a w a y et a l . , 1 9 6 7 ; 
S k i l l m a n et a l . , 1 9 7 1 ; S o r e n s e n and E n g e l l , 1 9 7 8 ) , Beak et 
a l . (1973) found that the c e n t r a l v e n o u s p r e s s u r e was not a 
good index of blood v o l u m e . 
Borow et a l . (1965) a d v o c a t e d the use of central venous 
p r e s s u r e as an a c c u r a t e guide for fluid r e p l a c e m e n t s . These 
a u t h o r s c o n c l u d e d that a central v e n o u s p r e s s u r e between 0 
and 5 c e n t i m e t e r s of water i n d i c a t e s the n e c e s s i t y of fluid 
a d m i n i s t r a t i o n . A central v e n o u s p r e s s u r e between 6 to 12 
c e n t i m e t e r s of water does not e x c l u d e h y p o v o l e m i a and a 
c e n t r a l v e n o u s p r e s s u r e above 15 c e n t i m e t e r s of water may 
i n d i c a t e heart f a i l u r e . E s p e c i a l l y in the elderly patient 
with an impaired cardiac f u n c t i o n , m e a s u r e m e n t of central 
v e n o u s p r e s s u r e may guide the p h y s i c i a n in s t a b i l i z i n g the 
c i r c u l a t o r y d y n a m i c s more a c c u r a t e l y . 
W i l s o n et a l . ( 1 9 6 5 ) , s t u d y i n g h e m o d y n a m i c shock v a n a -
bles in m a n , d i s t i n g u i s h e d v a r i o u s t y p e s of s h o c k . During 
c a r d i o g e n i c s h o c k , low cardiac output was a c c o m p a n i e d by high 
c e n t r a l v e n o u s p r e s s u r e . During h y p o v o l e m i c s h o c k , low c a r ­
diac output was a c c o m p a n i e d by low c e n t r a l venous p r e s s u r e , 
PuLm. art. blood press, and capili, wedge press. 43 
and during septic shock high, low or normal cardiac output 
was accompanied by normal central venous pressure. 
Simultaneous determination of total vascular resistance 
and central venous pressure allows identification of the 
three types of shock (Wilson et al., 1971). Patients with 
uncomplicated sepsis may show a lower total vascular resis­
tance than those who are hypovolemic or have a cardiac 
failure, and the lower total vascular resistance is not 
related to the type of involved bacteria (Wilson et al., 
1971) . 
In all types of shock, the volume necessary to restore 
circulatory hemodynamics may be indicated by the central 
venous pressure and may even exceed the normal blood volume 
(MacLean et al., 1965). However, with respect to the recogni­
tion of early hemorrhagic shock and septic shock, determina­
tion of the central venous pressure has no clinical value. 
2.4 PULMONARY ARTERIAL BLOOD PRESSURE AND PULMONARY CAPILLARY 
WEDGE PRESSURE (Fig. 2.0). 
Introduction into clinical medicine of the triple-lumen 
balloon flotation catheter by Swan and Ganz in 1970 facili­
tated pressure measurements of the pulmonary circulation, and 
meanwhile its clinical value is widely accepted. The Swan-
Ganz catheter is mostly inserted by puncture of a subclavian 
vein or the right internal jugular vein and is passed on into 
a pulmonary artery via the right atrium and right ventricle 
by guidance of the pressure curve. 
The use of the Swan-Ganz catheter allows recording right 
atrial pressure, right ventricular pressure, pulmonary arte­
rial pressure, and cardiac output (thermodilution techni­
que). Inflation of the balloon tip occludes the pulmonary 
artery, and the pressure, recorded distali/ of the inflated 
balloon, is the pulmonary capillary wedge pressure. 
There is a linear correlation between the pulmonary arte­
rial wedge pressure and the left ventricular end-di asto I i с 
pressure. Mean pressure in a main pulmonary artery is 15 mm 
Hg (systolic 25 mm Hg and diastolic 10 mm H g ) , and in the 
pulmonary capillaries 10 mm Hg (Milnor, 1974c). 
Hemorrhagic shock is accompanied by a decreased mean 
pulmonary arterial blood pressure in animals (Kim et al., 
1969; Zollman et al., 1976) as well as in man (Hartong and 
Di xon, 1977) . 
Septic shock affects the pulmonary circulation within 
A4 Urinary output. 
minutes (Myrvold, 1977), but the impaired pulmonary function 
becomes evident in a later stage of shock. 
Determination of the pulmonary arterial blood pressure 
and the pulmonary capillary wedge pressure allows calculation 
of the pulmonary vascular resistance and can be helpful to 
determine whether a patient is in shock or not, especially 
when cardiac failure is involved (Swan and Ganz, 1975). 
However, this requires invasive catheterization mainly indi-
cated when shock is evident. Therefore, there is little place 
for canulation of the pulmonary circulation to detect an 
early hemorrhagic and septic shock. 
2.5 URINARY OUTPUT (Fig. 2.0). 
Kidney function during hemorrhagic and septic shock will 
only be discussed in respect to its relevance as a clinical 
indicator of early shock. 
The two human kidneys, weighing together about 300 g, 
receive 20% of the cardiac output. From this enormous amount 
of blood flow, about 1 liter per minute, only a small quanti-
ty of urine is formed. Filtration across the glomular capil-
laries results in a filtrate of 125 ml per minute or 180 
liters per day. Tubular reabsorption reduces this filtrate to 
about 1 ml per minute, or about 1500 ml per day, which ap-
pears as u n n e . Reabsorption of sodium is an active process 
in the proximal tubuli whereas it is mediated by aldosterone 
in the distal tubuli and collecting ducts. Antidiuretic hor-
mone increases the permeability of the collecting ducts to 
water, thus decreasing water excretion and helping to concen-
trate urine. 
In order to differentiate acute renal failure in acute 
tubular necrosis and prerenal insufficiency, both due to 
hypovolemia, some methods in urine analysis have been proven 
of value. 
First u n n e composition is often helpful in differentia-
ting prerenal failure from acute tubular necrosis. In prere-
nal failure sodium concentration in a random specimen is low, 
usually less than 10 mmol/l, provided previous renal function 
was normal. However, in oliguric acute tubular necrosis, so-
dium concentration is elevated to at least 25-50 mmol/l 
(Miller et al ., 1978). 
Second, urinary osmolanty and specific gravity tend to 
be high in prerenal failure, whereas isosthenuria is typical 
for acute tubular necrosis. 
Urinary output. 45 
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, the u r i n a r y s e d i m e n t is of v a l u e in the d i f f e r e n -
g n o s i s of a c u t e renal f a i l u r e , but only an e x p e r i e n -
e r v e r r e c o g n i z e s brown casts and e p i t h e l i a l c e l l s , 
d in c a s t s in a c u t e t u b u l a r n e c r o s i s . In p r e r e n a l 
m o d e r a t e n u m b e r s of h y a l i n e and f i n e l y g r a n u l a r casts 
een ( L e v i n s k y et a l . , 1 9 8 1 ) . 
as to be m e n t i o n e d that both in p r e r e n a l f a i l u r e and 
t u b u l a r n e c r o s i s t h e r e is o l i g u r i a ( ^ 4 0 0 m l / d a y ) , 
s o m e t i m e s a c u t e renal f a i l u r e is not a c c o m p a n i e d by 
d y n a m i c f a c t o r s play an i m p o r t a n t role in a c u t e renal 
A d e c r e a s e d renal blood flow and a r e d i s t r i b u t i o n of 
al blood flow exert an direct effect on g l o m e r u l a r 
on r a t e , leading to sodium r e t e n t i o n and high o s m o l a -
p r e r e n a l f a i l u r e . Once there is i s c h e m i c d a m a g e to 
u l u s , i s o t h e n u r i a and a m o d e r a t e s o d i u m loss will be 
in most of the c a s e s . 
e a r l y s t a g e of h e m o r r h a g i c shock is a c c o m p a n i e d by a 
d u i n a r y output and an a l t e r e d c o m p o s i t i o n of the 
Also in an e a r l y stage of septic s h o c k , a r e d u c e d 
o u t p u t is a r a t h e r c o n s i s t e n t f i n d i n g . H o w e v e r , the 
f s e p t i c shock is more o b s c u r e than the onset of 
gic shock and a high output f a i l u r e at a late stage 
с shock may be a c c o m p a n i e d by septic p o l y u r i a ( u r i n a -
t of 35 to 50 ml per hour ( L u c a s , 1 9 7 6 ) , s u g g e s t i n g a 
r i n a r y o u t p u t . When the c l i n i c i a n is not a w a r e of the 
e of this septic p o l y u r i a , the p a t i e n t will b e c o m e 
ngly h y p o v o l e m i c a l t h o u g h t h e r e is even a h i g h e r need 
d s . 
a t i o n s of the u r i n a r y output and an a l t e r e d c o m p o s i -
the u r i n e can be d i a g n o s e d by c l i n i c a l o b s e r v a t i o n 
r a t o r y t e s t s . H o w e v e r , time (e.g., one or two h o u r s ) 
ired to a s s e s s u r i n a r y output and renal f u n c t i o n thus 
g e a r l y d e t e c t i o n of h e m o r r h a g i c or s e p t i c shock by 
ion of t h i s v a r i a b l e . 
46 Het, Hb, blood volume. 
2.6 H E M A T O C R I T , H E M O G L O B I N , AND B L O O D V O L U M E (Fig. 2.1) 
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Figure 2.1 - S c h e m a t i c r e p r e s e n t a t i o n of the m a c r o c i r c u l a t i o n 
(parts 1, 2, 7) and the m i c r o c i r c u l a t i o n (parts 3, 4, 5, 6 ) . 
The h e m o g l o b i n c o n t e n t , the s a t u r a t i o n of o x y g e n , the h e m a t o ­
c r i t , the blood v i s c o s i t y , and the a r t e r i a l blood gas v a l u e s 
are h e m a t o l o g i c a l and chemical v a r i a b l e s which play a role to 
assess the p a t i e n t ' s c o n d i t i o n with respect to o x y g e n t r a n s ­
port to the t i s s u e s , w h e r e a s the m i x e d - v e n o u s lactate c o n ­
t e n t , and blood gas v a l u e s are c o n s i d e r e d as v a r i a b l e s which 
m i r r o r s the f u n c t i o n of the m i c r o c i r c u l a t i o n with respect to 
a d e q u a t e d e l i v e r y of o x y g e n to the t i s s u e s . 
4 8 Het, Hb, blood volume. 
(Chaplin et a l . , 1 9 5 3 ) . The F c e|| s is thus influenced by 
s p l e n e c t o m y , but also by very high h e m a t o c r i t v a l u e s , by 
cardiac d e c o m p e n s a t i o n , and by severe shock (Chaplin et a l . , 
1 9 5 3 ) . 
The Hb is the weight of h e m o g l o b i n per volume unit in a 
blood s a m p l e . The relation b e t w e e n h e m o g l o b i n and h e m a t o c r i t 
in a blood sample is e x p r e s s e d as the mean c o r p u s c u l a r h e m o -
g l o b i n c o n c e n t r a t i o n (MCHC) 
M C H C = — g/dt 
Hct 
As the h e m o g l o b i n content of one e r y t h r o c y t e does not change 
over a short p e r i o d , it is g e n e r a l l y assumed that also the 
MCHC is constant over a short p e r i o d . H o w e v e r , it has been 
d e m o n s t r a t e d that the MCHC changes linearily with pH and 
o s m o l a l i t y , i.e., red cells increase in size during a c i d o s i s 
and h y p o - o s m o lality ( G o r i s , 1 9 7 0 a ) . Thus the increased size 
of e r y t h r o c y t e s in a c i d o s i s and h y p o - o s m o la lity is r e f l e c t e d 
in a higher h e m o t o c r i t with a constant h e m o g l o b i n , and in an 
i n c r e a s e of the total red cell volume ( G o r i s , 1970a; 1 9 7 0 b ) . 
The Hb and LV Hct in (early) shock are clinically u t i l i -
zed as easy and fast i n d i c a t o r s of the oxygen t r a n s p o r t 
c a p a c i t y of blood (Berk, 1 9 7 5 ) and blood v i s c o s i t y . Czer and 
S h o e m a k e r (1978) studied the clinical s i g n i f i c a n c e of the LV 
Hct as related to the oxygen c o n s u m p t i o n and found an i m p r o -
vement in the oxygen c o n s u m p t i o n with d e c r e a s i n g h e m a t o c r i t 
v a l u e s , until a value of 32 was r e a c h e d . A hematocrit of 33 
was found to be o p t i m a l for c r i t i c a l l y ill patients with 
respect to oxygen a v a i l a b i l i t y for the t i s s u e s and o x y g e n 
c o n s u m p t i o n . These i m p r o v e m e n t s may be related to a c o m p e n s a -
tory rise in cardiac output (Laks et a l . , 1 9 7 3 ) . Messmer et 
a l . ( 1 9 7 2 ) showed that the maximum oxygen transport capacity 
of h e m o g l o b i n o c c u r s when h e m o d i l u t i o n (with dextran 60) is 
p e r f o r m e d up to a h e m a t o c r i t value of 3 0 % . Furthermore Hb and 
LV Hct are c l i n i c a l l y u t i l i z e d to a s s e s s changes in the red 
cell volume or plasma volume as related to total blood v o l u -
m e . When red cell volume is not a l t e r e d , a rising LV Hct 
r e f l e c t s transcapi 11ary fluid loss and/or d e h y d r a t i o n , w h e -
reas a d e c r e a s i n g LV Hct i n d i c a t e s trans capi I lary and/or lym-
p h a t i c refill of plasma v o l u m e . 
In burn shock the LV Hct is useful -within l i m i t s - to 
i n d i c a t e the extent of plasma volume loss and the effect of 
Het, Hb, blood volume. 49 
infusion therapy on ρ 
borne in mind that onLy 
volume, e.g., sequestra 
tion in third degree bu 
of plasma volume loss. 
As described earli 
changes in the F
c e
|| S , 
of the spleen. When 
concomitantly altered 
indicates transcapilla 
volume, and the effec 
blood volume has been г 
reflects the volume of 
Within limits, th 
tients in shock, but 
rhagic or septic shock. 
Direct assessment о 
51 tagged autologous e 
tion of these tagged с 
blood sample is collec 
is calculated from the 
sample is drawn from a 
Since the TB Het 
assumed, a Large num 
During shock the equili 
cessitating a longer -
Longer time blood voLu 
sûrement (Messmer and S 
of the autologous eryth 
Plasma volume can 
preferentially by radio 
with I 1 2 5or I131 . Sine 
ble, no time is Lost 
requires extrapoLat i on 
10-minute samples bee 
ALso accurate measure 
plasma; the LV Hct erro 
volume is obtained. Th 
done utilizing the ТВ 
Fcells / introducing pos 
As the LV Hct conti 
poLation to time zero 
calculation from one te 
is much faster but inac 
lasma volume. However, it should be 
a small loss of circulating red cell 
tion in shock, or by red ceLL destruc-
rns, leads to a severe underestimation 
er, the LV Hct is also influenced by 
the pH, osmolality, and by the role 
red cell volume and plasma volume are 
by hemorrhage, a decrease in LV Hct 
ry and/or lymphatic refill of plasma 
t of infusion therapy. Only when the 
estored to normal, the LV Hct roughly 
red cell loss. 
e LV Hct is useful in monitoring pa-
has no value to detect an early hemor-
f red cell vo lume 
rythrocytes. Afte 
ells with a known 
ted after 10 minut 
dilution of the i 
large vessel, the 
i s not known, and 
ber of imponderabi 
bration time might 
but unknown- m i χ i η 
me might change in 
eifert, 1970). Fur 
rocytes is time co 
be assessed by dye 
i od i nat ed human s 
e the product is с 
with tagging. Ace 
to time zero, pref 
ause of transcapil 
ment s requi re dete 
г is then excluded 
en calculation of 
Hct calculated fro 
sible errors. 
nuous ly changes du 
is tricky. On th 
η-minute sample wi 
curate. 
can be done 
г intra veno 
radio-act 
es and bloo 
nd i ca to г . 
LV Hct is i 
Fceiis can 
l i a i s i n 
be ρ roIon 
g time. Du 
validating 
thermore th 
nsum i ng . 
-dilution m 
e rum al bume 
omme re i a I ly 
urate dete 
erentially 
I a ry loss о 
rm i nat i ons 
and the re 
bIood vo l um 
m the LV He 
with Cr 
us i η j ec-
i vi ty , a 
d volume 
When the 
ηvolved. 
only be 
t roduced . 
ged, ne­
ring this 
the mea-
e tagging 
ethods or 
η (RIHSA) 
a va i lä-
rm i na t i on 
from four 
f RIHSA. 
on pure 
al plasma 
e can be 
t and the 
ring shock, extra-
e other hand direct 
thout extrapolation 
50 Lactate. 
For the above-mentioned reasons, cLinicaL determination 
of red cell volume, plasma volume and blood volume is pre­
sently not utilized (anymore) to detect early shock or to 
monitor blood volume in shock. 
2.7 LACTATE, PYRUVATE, EXCESS LACTATE, L/P RATIO (Fig. 2.1). 
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may be accompanied by an elevated arterial lactate 
tion due to a metabolic (lactic) acidosis. Lactic 
is characterized by a lowered value of base excess 
blood concentration of lactate >-2.0 mM (Willems, 
tion of glucose to carbon dioxide and water provides 
with a maximum of energy (1270 kJ/ mmol). This meta-
nversion of glucose proceeds by a large number of 
The final stage occurs within the mitochondria where 
trons transported along the electron transfer chain 
ygen at cytochrome a3 to form together with hydrogen 
e end product water (Nunn, 1977). Deprivation of 
urns the process into the anaerobic pathway which 
uch less energy ( 67 kJ/ mmol). The critical mito-
oxygen tension is below 0.13 k P a d mm Hg) (Chance 
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ate is an intermediary three-carbon compound meta-
f glucose, which is des integ rat ed to carbon dioxide 
(Krebs cycle) in the presence of an adequate amount 
Lack of oxygen blocks the conversion of pyruvate 
e and the conversion into lactate is the alternative 
This causes accumulation of lactate in the presence 
airment of the removal process (Eldridge, 1972). 
TABLE 2.0 Conditions associated with elevated levels of lactate in blood, 
1) Infusion of Pyruvate, Glucose, Fructose, МаНСОз. 
2) Transfusion of stored blood. 
3) Hyperventilation. 
4) Exercise. 
5) Acute Hypoxemia. 
6) Adrenaline administration. 
7) Various disorders: diabetes mellitus; circulatory shock; 
septicemia; malignancy; e.g. acute leukemia; Hodgkin's disease; 
severe anemi a . 
8) Ingestion of drugs or toxic substances: Phenformin, Ethanol. 
Musc le surface pH. 51 
When removaL of Lactate is impaired by c i r c u l a t o r y d e f i c i e n -
cy, lactate a c c u m u l a t e s in the t i s s u e , m a i n l y in s k e l e t a l 
m u s c l e t i s s u e (Daniel et a l . , 1 9 7 8 ) . C o n d i t i o n s a s s o c i a t e d 
with e l e v a t e d blood lactate c o n c e n t r a t i o n s are shown in t a b l e 
2.0 (from W i l l e m s , 1 9 7 8 ) . 
H u c k a b e e (1958) i n t r o d u c e d the concept of " e x c e s s L a c t a -
t e " as d e t e r m i n e d by the f o l l o w i n g f o r m u l a : 
Excess L a c t a t e = (Ln - Lo) - (Pn - P o ) ( L o / P o ) 
Lo and Po r e p r e s e n t the n o r m a l c o n c e n t r a t i o n s of l a c t a t e and 
p y r u v a t e r e s p e c t i v e l y . H u c k a b e e found that several c o n d i t i o n s 
may lead to an e l e v a t e d blood lactate c o n c e n t r a t i o n with 
little or no lactate in e x c e s s of p y r u v a t e and m o s t l y not 
a c c o m p a n i e d by s i g n i f i c a n t m e t a b o l i c a c i d o s i s . Other c o n d i -
tions were found to be r e s p o n s i b l e for an e l e v a t e d blood 
lactate with lactate in e x c e s s of p y r u v a t e . These c o n d i t i o n s 
were hypoxia due to s h o c k , h e m o r r h a g e , s e v e r e a n e m i a , c a r d i a c 
d e c o m p e n s a t i o n , p u l m o n a r y i n s u f f i c i e n c y and s e v e r e e x e r c i s e . 
All these c o n d i t i o n s are c h a r a c t e r i z e d by t i s s u e h y p o x i a . 
Using e x c e s s lactate as a p r o g n o s t i c index during s h o c k , 
Broder and Weil (1964) showed that excess lactate < 1 mmol/l 
was within safe limits and an e x c e s s lactate :>4mmol/l was 
u s u a l l y a c c o m p a n i e d by fatal o u t c o m e . Vitek and Cowley 
( 1 9 7 1 ) , s t u d y i n g 126 shock p a t i e n t s , reported a s i g n i f i c a n -
tly higher c o n c e n t r a t i o n of a r t e r i a l blood lactate in n o n s u r -
v i v o r s compared with s u r v i v o r s . Septic shock r e s u l t e d in less 
e l e v a t e d a r t e r i a l blood lactate levels than h e m o r r h a g i c shock 
and c a r d i o g e n i c s h o c k . 
The c l i n i c a l r e l e v a n c e of blood lactate d e t e r m i n a t i o n is 
related to the s e v e n t y of shock and to the e v a l u a t i o n of 
shock t r e a t m e n t . Early shock cannot be d e t e c t e d by blood 
lactate d e t e r m i n a t i o n s b e c a u s e hypoxia p r e c e d e s the i n c r e a s e 
of lactate and p y r u v a t e . 
2.8 M U S C L E S U R F A C E p H . 
A c c u m u l a t i o n of end p r o d u c t s of a n a e r o b i c m e t a b o l i s m , as 
d e s c r i b e d in the p r e v i o u s p a r a g r a p h , may lead to an i n c r e a s e 
of the i n t e r s t i t i a l h y d r o g e n c o n c e n t r a t i o n (Hirche et a l . , 
1976 ; S t e i n h a g e n et a l . , 1 9 7 6 ) and to a d e c r e a s e of m u s c l e 
s u r f a c e p H , which can be m e a s u r e d with a pH e l e c t r o d e (Le-
mieux et a l . , 1 9 6 9 ; D m o c h o w s k i et a l . , 1 9 7 0 ) . M u s c l e s u r f a c e 
pH is u s u a l l y 0.1 to 0.2 unit below the a r t e r i a l pH (Filler 
52 A c i d - b a s e b a l a n c e and a r t . PO, 
e t a L . , 1 9 7 1 ) . 
Bergentz et al. (1968) showed that the building up of 
tissue acidosis is only partly reflected in the venous pH, 
due to an impairment of the microcirculation. He calls this a 
"hidden acidosis". 
Lemieux et al. (1969) subjected dogs to a graded hemor-
rhage to 40% of the blood volume and determined skeletal 
muscle surface pH simultaneously with arterial and venous 
blood pH, blood lactate and arterial blood pressure. They 
measured a severe peripheral muscle acidosis (pH 6.94) while 
the blood pH remained within normal range and the lactate 
increased slightly. 
Also during endotoxin shock muscle surface pH has been 
demonstrated to be an early indicator for an impairment of 
the microcirculation (Dmochowski and Couch, 1970). Rangara-
thnam et al. (1972) showed the value of muscle surface pH 
during hypothermia with circulatory arrest. Kung et al. 
(1976) concluded that the skeletal muscle pH determination is 
superior to arterial or venous blood gas values as an index 
for peripheral tissue perfusion in dogs. 
In adult man the mean biceps muscle surface pH is 7.38 
(s.d. = 0.05). Hypovolemia (750 ml blood loss) results in a 
decline of the muscle surface pH to 7.16 in man(Couch et al., 
1971). Filler et al. (1972) reported clinical experience with 
continuous muscle pH in children and critically ill infants. 
Muscle surface pH was found to be a safe, reliable measure-
ment, and especially useful in the infant. The disadvantage 
of the surface pH electrode is the need for a fasciotomy 
which probably is the reason for the physician's reluctance 
to use this method routinely. 
In several experiments we used a surface pH electrode and 
our experience is that after some time edema occurs around 
the electrode. Furthermore a small change in the position of 
the pH electrode results in faulty values. 
2.9 ACID - BASE BALANCE AND ARTERIAL POg ( Fig. 2 . 1 ) . 
Blood gas determinations are nowadays routinely done and 
their clinical value is widely accepted. They inform the 
physician about the acid-base balance in the blood sample, 
the partial pressure of oxygen, and the partial pressure of 
ca rbon dioxide. 
A strong buffer system (sodium salts) in the plasma keeps 
the blood pH within narrow limits (pH = 7.45 - 7.35), whereas 
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in man does not aLter the arterial p H . 
The arterial POj g r a d u a l l y d e c l i n e s with a g e . According 
to M a r s h a l l and Wyche (1972) the age d e c l i n e can be expressed 
as f o l l o w s : 
mean arterial PO2 in kPa = 13.6 - 0.044 (age in y e a r s ) . 
The arterial PO2 is the net result of gas exchange and 
p e r f u s i o n in the lung. Different causes reducing the arterial 
PO2 are generally i n t e r f e r i n g with the oxygen transfer f a c -
t o r . The oxygen transfer factor or d i f f u s i n g capacity (Nunn, 
1 9 7 7 ) is the rate of oxygen uptake divided by the oxygen 
p r e s s u r e gradient across the i n t e r f a c e . Nunn (1977) recog-
nizes six factors which may interfere with the oxygen t r a n s -
fer. 
H e m o r r h a g i c shock does not initially affect the arterial 
PO2 in dogs (Chien et a l . , 1973; Zollman et a l . , 1 9 7 6 ; Stru-
del et a l . 1 9 7 7 ) as well as in man (Shoemaker and R e i n h a r d , 
1 9 7 3 ; W i l s o n , 1 9 8 0 ) . D e t e r i o r a t i o n of the arterial PO2 during 
late h e m o r r h a g i c shock is more likely s e c o n d a r y to p u l m o n a r y 
l e s i o n s , since h e m o r r h a g i c shock makes the lung more v u l n e r a -
ble to other injurious agents (Garvey et a l . , 1 9 7 5 ) . 
Wilson et a l . ( 1 9 7 1 ) , studying 48 septic p a t i e n t s , e s t a -
blished that all p a t i e n t s with an initial arterial pH of 7.19 
or less died except o n e . Not only a c i d o s i s was a p r o g n o s t i -
cally bad sign, but also a l k a l o s i s . No survival was seen when 
the arterial pH exceeded 7.65. 
Sepsis in man is often accompanied by respiratory failure 
causing an early d e c r e a s e of the arterial PO2 accompanied by 
an increase of the arterial P C O 2 . The d e c r e a s e d arterial PO2 
impairs the cellular f u n c t i o n , which is already compromized 
by a m a l d i s t r i b u t i o n of the c i r c u l a t i o n and by b a c t e r i a l 
t o x i n s . 
D e t e r m i n a t i o n of m i x e d - v e n o u s oxygen saturation (SVO2) 
and PO2 to monitor shock has been a d v o c a t e d by several au-
thors ( W i l s o n , 1965; H e k m a n , 1 9 6 8 , Snyder and C a r r o l , 1 9 8 2 ) . 
The Sv02 is a r e f l e c t i o n of tissue p e r f u s i o n and tissue 
oxygen c o n s u m p t i o n . A Sv02 of 7 0 % to 8 0 % c o r r e l a t e s mostly 
with a d e q u a t e p e r f u s i o n and o x y g e n a t i o n of t i s s u e s . H o w e v e r , 
during shock c o n d i t i o n s reduced as well as normal Sv02 
values have been reported (Hekman, 1 9 6 8 ) . 
Since an impairment of oxygen transport or an increa.se of 
oxygen c o n s u m p t i o n is a c c o m p a n i e d by a d e c r e a s e d PVO2 (normal 
range 4.66 kPa (35 mm Hg) - 5.33 kPa (40 mm Hg)) , this 
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variable may be considered to reflect the adequacy of tissue 
oxygenation. According to Snyder and Carrol (1982) a decrea­
se of PVO2 below 3.73 kPa (28 mm Hg) is associated with the 
onset of anaerobic metabolism in dogs as well as in man. 
However, the PVO2 remains a variable which reflects total 
events in the body. 
A shift to the right of the dissociation curve is not 
always in favor of tissue oxygenation. A shift of the disso­
ciation curve to the right has only a beneficial effect on 
tissue oxygenation at normoxia and mild hypoxia (50 mm Hg 
(6.7 kPa)), whereas at severe hypoxia (30 mm Hg (4.0 kPa)) an 
adverse effect can be observed (Turek et al., 1973; Turek and 
Kreuzer, 1976). 
Arterial blood gas values and mixed-venous blood gas 
values are important to monitor patients in shock and to 
evaluate the effect of shock therapy. Since these variables 
are lagging behind hemodynamic events in the microcircula­
tion, an alteration of these variables is not representative 
for early hemorrhagic and septic shock. 
2.10 TOTAL VASCULAR RESISTANCE ( Fig. 2 . 2 ) . 
The total vascular resistance is calculated by the follo­
wing formula: 
MAPirnm Hg) - CVP(mm Hg) 
— χ 80 dyne sec/cmb 
COÜ/min) 
where MAP is mean arterial pressure, CVP is central venous 
pressure, and CO is cardiac output. 
Normal total vascular resistance in man is in the range 
of 1,000 to 1,300 dyne sec/cm 5 (Wilson et al., 1 9 6 5 ) , whereas 
Skillman et al. (1967) reported in man a mean total vascular 
resistance of 1,434 dynes sec/cm 5 during a control period. 
Cutaneous vasoconstriction or dilatation is associated 
with an increased or decreased total vascular resistance. 
Wilson et al. (1965) could not find a relation between cuta-
neous signs (cold and clammy skin) and altered total peri-
pheral resistance nor between cardiac output, total periphe-
ral resistance, and development of metabolic acidosis. 
Rapid hemorrhage in man is accompanied by an abrupt 
increase of the total vascular resistance to 31.9 percent 
above the initial value, falling back to 23 percent above the 
5 6 T o t a l v a s e , r e s i s t a n c e . 
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Figure 2.2 - Schematic r e p r e s e n t a t i o n of the m a c r o c i r c u l a t i o n 
(parts 1, 2, 7) and the m i c r o c i r c u l a t i o n (parts 3, 4 , 5, 6 ) . 
The arterial oxygen supply r e p r e s e n t s the o v e r a l l transport 
of o x y g e n to the t i s s u e s . The total oxygen c o n s u m p t i o n re­
f l e c t s the sum of the total body e v e n t s , but does not provide 
i n f o r m a t i o n about regional v a s c u l a r beds with respect to the 
t i s s u e P O 2 . The vascular tone ( i . e . , a r t e r i a l v a s c u l a r r e s i s ­
tance and p u l m o n a r y vascular r e s i s t a n c e ) can be computed from 
h e m o d y n a m i c v a r i a b l e s but does not p r o v i d e i n f o r m a t i o n about 
the t i s s u e o x y g e n a t i o n . 
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al i n c r e a s e of 27.3 p e r c e n t , and d r o p p i n g to 
fter 5 - 1 0 m i n u t e s ( S k i l L m a n et a l . , 1 9 6 7 ) . 
( 1 9 6 5 ) c l a s s i f i e d shock p a t i e n t s on the b a s i s 
s t u d i e s into t h r e e g r o u p s : heart f a i l u r e , 
od v o l u m e , and p e r i p h e r a l v a s c u l a r f a i l u r e . 
ar f a i l u r e was c h a r a c t e r i z e d by a low c a r d i a c 
lure of v e n o u s r e t u r n . 
d p r e v i o u s l y , h e m o r r h a g i c shock is a c c o m p a n i e d 
total v a s c u l a r r e s i s t a n c e , m e d i a t e d by c a t e ­
a s e . In a s e p t i c m o d e l in d o g s c a t e c h o l a m i n e 
i n v e r s e l y c o r r e l a t e d with the s y s t e m i c blood 
d not c o r r e l a t e with the total v a s c u l a r r e s i s ­
tile c a r d i a c index ( S u g e r m a n et a l . , 1 9 8 2 ) . 
ck may be a c c o m p a n i e d by a n o r m a l , low, or 
v a s c u l a r r e s i s t a n c e (Wilson et a l . , 1 9 7 1 ) . 
1 ) s t u d i e d the s e q u e n c e of h e m o d y n a m i c e v e n t s 
, and found a p r o g r e s s i v e d e c r e a s e of p e r i p h e -
s i s t a n c e . Only p a t i e n t s with c a r d i a c t a m p o n a d e 
ally i n c r e a s e d p e r i p h e r a l v a s c u l a r r e s i s t a n c e . 
e m o r r h a g e in his s e r i e s was i n i t i a l l y a c c o m p a -
c r e a s e of total v a s c u l a r r e s i s t a n c e . S u b s e -
v a s c u l a r r e s i s t a n c e d r o p p e d as a result of 
f lactic acid and carbon d i o x i d e . Neely et 
dying 244 septic p a t i e n t s , found only t h r e e 
low c a r d i a c o u t p u t , s u g g e s t i n g that e s t a b l i s -
i ve s e p t i c shock is n o r m a l l y a c c o m p a n i e d by a 
output and a low total v a s c u l a r r e s i s t a n c e . 
r e s i s t a n c e can be c l i n i c a l l y m o n i t o r e d but 
a n n u l a t i o n . 
n a t i o n of the total v a s c u l a r r e s i s t a n c e in 
ically i m p o r t a n t in o r d e r to e v a l u a t e the 
t h e r a p y and v a s o a c t i v e drug a d m i n i s t r a t i o n . 
ttle use for d e t e r m i n a t i o n of the total v a s c u -
to detect an early s h o c k , b e c a u s e it r e q u i r e s 
f c a r d i a c o u t p u t , m e a n a r t e r i a l blood p r e s s u -
l v e n o u s blood p r e s u r e , which are m e a s u r e m e n t s 
when shock is m a n i f e s t . 
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2.11 A R T E R I O - VENOUS OXYGEN CONTENT D I F F E R E N C E , TOTAL O X Y ­
GEN C O N S U M P T I O N AND TOTAL OXYGEN SUPPLY (Fig. 2 . 2 ) . 
The arterio - venous oxygen content d i f f e r e n c e reflects 
the total body oxygen e x t r a c t i o n . The oxygen content of a 
blood sample is the total of the oxygen bound to hemoglobin 
and d i s s o l v e d in p l a s m a . The amount of dissolved oxygen is 
very small (art. PO2 χ 0.003) and can be n e g l e c t e d . The 
oxygen bound to h e m o g l o b i n is calculated as f o l l o w s : 
s a t u r a t i o n χ hemoglobin c o n c e n t r a t i o n χ 1.34 = ml/ml blood. 
In man the mean basal arterio - venous oxygen content d i f f e ­
rence is 39.8 + 5.8 ml/l (Reeves et a l . , 1 9 6 1 ) . Under normal 
c o n d i t i o n s the arterio - venous oxygen content d i f f e r e n c e is 
independent of oxygen u p t a k e , body s u r f a c e , and m e t a b o l i c 
r a t e . The total oxygen consumption can be derived from the 
Fick f o r m u l a : 
Oxygen Consumption = Cardiac Output χ Arterio Venous Oxygen difference 
In man the normal value is about 250 m l / m i n . 
Since arterio - venous oxygen d i f f e r e n c e reflects the 
whole body oxygen e x t r a c t i o n it does not give i n f o r m a t i o n 
about regional d i f f e r e n c e s in oxygen c o n s u m p t i o n . 
In dogs subjected to a h e m o r r h a g e to 30 - 4 0 % of total 
blood v o l u m e , Wright (1975) studied whole b o d y , r e n a l , s p l a n ­
c h n i c , and skeletal muscle oxygen uptake with the c o r r e s p o n ­
ding blood f l o w s . The control cardiac output dropped from 
2.71 + 89 to 0.75 + 0.28 l/min, while the renal artery blood 
flow d i m i n i s h e d from 178 + 29 to 69 + 34 m l / m i n , the sup e r i o r 
m e s e n t e r i c artery flow d i m i n i s h e d from 371 + 106 to 103 + 50 
m l / m i n , and the skeletal muscle blood flow diminished from 
10.4 + 5.7 to 2.1 +1.3 m I /100g/mi η . Total oxygen uptake fell 
from 125 + 43 to 79 + 3 2 m l / m i n , while the renal oxygen uptake 
was not a f f e c t e d , (from 5.13 +4.7 to 5.78 + 4.2 m l / m i n ) . The 
splan c h i c oxygen uptake was only slightly changed from 12.7 + 
5.2 to 9.8 +4.5 m l / m i n . The highest change of oxygen uptake 
was observed in resting skeletal m u s c l e , where it dropped 
from 0.62 + 0.43 to 0.29 +0.16 m I / 1 O O G / m i η . These f i n d i n g s 
suggest that m e a s u r e m e n t of tissue PO2 in resting skeletal 
m u s c l e may show early a l t e r a t i o n s , which o t h e r w i s e could only 
be obtained by central invasive i n t r a v a s c u l a r d e t e r m i n a t i o n s . 
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due to r e d i s t r i b u t i o n of the c a r d i a c o u t p u t , the (totaL b o d y ) 
o x y g e n c o n s u m p t i o n b e c o m e s an u n r e l i a b l e v a r i a b l e . The c l i n i ­
cian can t h u s be d e c e i v e d , b e c a u s e no i n f o r m a t i o n about 
a d e q u a t e local t i s s u e o x y g e n a t i o n is o b t a i n e d by d e t e r m i n a ­
tion of the a r t e r i a l o x y g e n s u p p l y . 
2.12 S U M M A R Y . 
B e s i d e s c l i n i c a l o b s e r v a t i o n and p h y s i c a l e x a m i n a t i o n , 
the p h y s i c i a n has at his d i s p o s a l s e v e r a l v a r i a b l e s to a s s e s s 
the c a r d i o r e s p i r a t o r y f u n c t i o n . With r e s p e c t to d e t e c t i n g an 
e a r l y h e m o r r h a g i c and s e p t i c shock the v a r i a b l e s r e l a t e d to 
the o x y g e n t r a n s p o r t from the a m b i e n t air to the t i s s u e s play 
an i m p o r t a n t r o l e . H o w e v e r , not one s i n g l e v a r i a b l e d e t e r m i ­
nes w h e t h e r a p a t i e n t is in shock or n o t . 
S i n c e an e a r l y h e m o r r h a g i c and s e p t i c shock are m o r e 
d i f f i c u l t to r e c o g n i z e , an exact d i a g n o s i s r e q u i r e s s e v e r a l 
d e t e r m i n a t i o n s and m e a s u r e m e n t s to c o n f i r m c l i n i c a l s u s p i ­
c i o n . C l i n i c a l s u s p i c i o n of a h e m o r r h a g i c and septic shock 
d o e s not p e r m i t i n v a s i v e c a t h e t e r i z a t i o n to d e t e r m i n e c a r d i a c 
o u t p u t , p u l m o n a r y a r t e r i a l blood p r e s s u r e e t c . . G e n e r a l l y , in 
such a case m o r e e a s i l y p e r f o r m e d and less i n v a s i v e m e a s u r e ­
m e n t s and d e t e r m i n a t i o n s are used ( e . g . , H b , H e t ) . H o w e v e r , 
t h e s e v a r i a b l e s do not e x c l u d e an i m p a i r e d p e r i p h e r a l c i r c u ­
l a t i o n , w h i c h is a c o n s i s t e n t f i n d i n g d u r i n g an early h e m o r ­
r h a g i c and s e p t i c s h o c k . 
As o x y g e n p l a y s an i m p o r t a n t role in e a r l y h e m o r r h a g i c 
and s e p t i c shock and the c i r c u l a t i o n t o g e t h e r with h e m o g l o b i n 
are r e s p o n s i b l e for the o x y g e n t r a n s p o r t to the t i s s u e s , one 
could a s s u m e that c a l c u l a t i o n of total o x y g e n t r a n s p o r t and 
t o t a l o x y g e n c o n s u m p t i o n are h e l p f u l to d i a g n o s e an early 
h e m o r r h a g i c and s e p t i c s h o c k . H o w e v e r , the sum of the c o m p o ­
n e n t s of t o t a l o x y g e n t r a n s p o r t v a n e s c o n s i d e r a b l y and total 
o x y g e n c o n s u m p t i o n c h a n g e s with m u l t i p l e f a c t o r s . The p a r t i a l 
p r e s s u r e of o x y g e n m a m i x e d v e n o u s blood s a m p l e is the only 
v a r i a b l e r e f l e c t i n g the o v e r a l l b a l a n c e b e t w e e n the o x y g e n 
s u p p l y and t i s s u e o x y g e n d e m a n d . But it r e m a i n s an o v e r a l l 
r e f l e c t i o n of the o x y g e n supply and d e m a n d . Direct a s s e s s m e n t 
of t i s s u e P O 2 may p r o v i d e more i n f o r m a t i o n for the d i a g n o s i s 
of an early h e m o r r h a g i c and septic s h o c k . 
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CHAPTER 3. 
DIFFERENT M E T H O D S FOR CLINICAL M E A S U R E M E N T OF TISSUE P 0 2 . 
3.0 I N T R O D U C T I O N . 
Various m e t h o d s have been d e v e l o p e d to d e t e r m i n e the 
oxygen partial p r e s s u r e in t i s s u e . Some are meant for a p p l i -
cation in vitro for p h y s i o l o g i c a l s t u d i e s , w h e r e a s others can 
be used in c l i n i c a l s i t u a t i o n s . 
The d e g r e e of i n v a s i v e n e s s i n f l u e n c e s c l i n i c a l a c c e p t a n -
ce. In the next p a r a g r a p h s different m e t h o d s to d e t e r m i n e 
tissue PO2 and their value with respect to clinical a c c e p t a n -
ce will be d i s c u s s e d . 
3 . 1 . THE GAS P O C K E T M E T H O D . 
Implanting a gas p o c k e t , u s u a l l y ni 
(Campbell, 1 9 3 1 ) and sampling a gas m 
interval p r o v i d e s skeletal m u s c l e tissu 
between 2.6 kPa (20 mm Hg) and 5.3 kPa ( 
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H g ) , ranging between 2.8 kPa (21 mm Hg 
H g ) . Pulmonary hypoxia did not extensi 
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resulting in a d e c r e a s e d cardiac o u t p u t . 
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3.2 TONOMETRIC METHODS USING POLAROGRAPHIC OXYGEN MEASURE-
MENT. 
Niinikoski and HaLkoLa (1978) advocate the implantation 
of silicone rubber tubes into the muscle tissue for conti-
nuous monitoring of muscle PO2 and PCO2. At one side the tube 
is perfused with hypoxic saline (rate 0.07 ml/min) and at the 
other side it is connected to a PO2 electrode as used for 
blood gas determinations. High permeability of silicone rub-
ber for oxygen allows fast equilibration between skeletal 
muscle PO2 and PCO2 and tube content. This method provides a 
mean PO2 value. The authors concluded, on the basis of 
experiments with rabbits subjected to a graded hemorrhage to 
30% of the initial blood volume, that skeletal muscle oxygen 
pressure provides an excellent index for tissue perfusion in 
hemorrhagic shock. 
The same method was used (Jussila et al., 1980) to eva-
luate revascularization surgery. A 16 cm long silicone rubber 
tube was inserted into calf musculature and pre-, per-, and 
post-ope rat i ve skeletal muscle gas tensions were obtained. 
After implantation of the silicone rubber tube, a hyperemic 
tissue reaction was observed, which was constant, reproduci-
ble, and disappeared after three days. Therefore, implanta-
tion of the silicone rubber tubes preceded the PO2 measure-
ments by 6 to 8 days. The authors could not show an essen-
tial difference of skeletal muscle POg and PCO2 between 
patients with intermittent claudication, rest pain, ischemic 
gangrene, abdominal aneurysm and controls, showing the inade-
quacy of this method. Furthermore, this method is not as 
minimally traumatic as theses authors claimed. Littooy et al. 
(1976), using the same method, determined subcutaneous tissue 
oxygen pressure and came to the same conclusions as Niinikos-
ki and Halkola (1978) that the tonometric method can be used 
to determine tissue PO2 and is an index for tissue perfusion. 
We performed several experiments with tonometric silicone 
rubber tubes. Many problems were encountered since the con-
nections of the silicone rubber tubes were not always suffi-
ciently impermeable for oxygen. Also we repeatedly observed 
bleeding from the puncture site after removal of the tube. In 
two experiments we observed a large hematoma in the quadri-
ceps muscle. 
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3.3 T O N O M E T R I C M E T H O D S USING MASS S P E C T R O M E T R Y . 
B r a n t i g a n et a l . (1970, 1 9 7 2 ) reported the d e v e L o p m e n t 
of a h e p a r i n i z e d s i L i c o n e rubber d i f f u s i o n m e m b r a n e and c a ­
theter for c o n t i n u o u s in vivo m e a s u r e m e n t of blood gas 
t e n s i o n s by mass s p e c t r o m e t r y . The 99 percent r e s p o n s e time 
for oxygen was 5.1 min and for carbon d i o x i d e 9.9 m i n . The 
m e m b r a n e end of the catheter was inserted into the t i s s u e and 
the o p p o s i t e end was connected to the vacuum system of a mass 
s p e c t r o m e t e r , and 5x10~ ml/sec of gas was c o n t i n u o u s l y w i t h ­
d r a w n . This y i e l d e d mean i n t r a m y o c a r d i a I O2 and CO2 t e n s i o n s 
in dogs of 18 + 5 mm Hg and 40 + 14 mm Hg, respe et i ν i ly. The PO2 
d e c r e a s e d to nearly zero within the first seven m i n u t e s of 
anoxic cardiac a r r e s t . 
Using this m e t h o d , the same authors p e r f o r m e d a graded 
h e m o r r h a g i c shock e x p e r i m e n t and found a b a s e l i n e skeletal 
m u s c l e PO2 of 3 5 + 1 2 mm Hg. A blood volume r e d u c t i o n in 6 
steps of 1 0 % of the o r i g i n a l blood volume resulted in m u s c l e 
PO2 values o f , r e s p e c t i v e l y , 3 5 + 1 0 mm Hg; 3 0 + 1 2 mm Hg; 20+12 
mm Hg; 14+9 mm Hg; 9+6 mm Hg and 8+6 mm Hg. D e t e c t i o n of 
i n a d e q u a t e t i s s u e o x y g e n a t i o n with this method is p o s s i b l e 
although a s i g n i f i c a n t d e c r e a s e of the m u s c l e PO2 to 20+12 
mm Hg was n o t i c e d only after 3 0 % of the blood volume was 
wi thd rawn . 
Miller et a l . (1975) studied h i s t o l o g i c a l r e a c t i o n s of 
the silastic m e m b r a n e in order to utilize this m e t h o d for 
chronic e x p e r i m e n t s and found in rats a d e c r e a s i n g d i f f u s i o n 
of PO2 through the m e m b r a n e , s e c o n d a r y to the d e v e l o p m e n t of 
a f i b r o u s sheath around the silastic tube on the s e v e n t h day 
after the i m p l a n t a t i o n . 
Nowygrod et a l . , (1973) used the s i l i c o n e rubber tube 
i m p l a n t a t i o n method to assess its clinical u s e f u l n e s s in 
high-risk s u r g i c a l p a t i e n t s and could not d e m o n s t r a t e any 
c o r r e l a t i o n with a r t e r i a l blood gas l e v e l s . The clinical 
u s e f u l n e s s remains c o n t r o v e r s i a l (Miller et a l . , 1 9 7 7 ; N o w y ­
grod et a l . , 1 9 7 3 ; B r a n t i g a n et a l . 1 9 7 2 ; Furuse et a l . , 
1 9 7 3 ; G e r r a t a n a et a l . , 1 9 7 6 ) . F u r t h e r m o r e , the use of a mass 
s p e c t r o m e t e r for routine clinical a p p l i c a t i o n remains r e ­
stricted to more s p e c i a l i z e d c e n t e r s . 
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( Fl ее ken ste ι η and W e i s s , 1 9 8 2 ) or s t e p w i s e 
Summary . 67 
w i t h d r a w a l from the tissue (van der KLey et a l . , 1 9 8 2 a ) . 
F L e c k e n s t e i n and Weiss (1982) showed that a PO2 n e e d l e e l e c ­
trode e n a b l e s the c o n s t r u c t i o n of a PO2 h i s t o g r a m of skeletal 
m u s c l e which is c o m p a r a b l e with a PO2 h i s t o g r a m o b t a i n e d with 
a m u l t i - w i r e s u r f a c e e l e c t r o d e . 
The c h a r a c t e r i s t i c s of a P o l a r o g r a p h i e PO2 n e e d l e e l e c ­
trode include the c a l i b r a t i o n line, the residual c u r r e n t , the 
speed of r e s p o n s e , the shape of the cu г rent-voIt age c u r v e , 
the t e m p e r a t u r e d e p e n d e n c y , the pH d e p e n d e n c y . These c h a r a c ­
t e r i s t i c s will be d i s c u s s e d in detail in c h a p t e r 4 . 
3.6 S U M M A R Y . 
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CHAPTER 4. 
P O L A R O G R A P H I C PO2 N E E D L E E L E C T R O D E . 
4.0 I N T R O D U C T I O N . 
In c h a p t e r 3 we d i s c u s s e d v a r i o u s m e t h o d s to d e t e r m i n e oxygen 
p a r t i a l p r e s s u r e w i t h i n t i s s u e . OnLy the P o l a r o g r a p h i e n e e d l e 
e l e c t r o d e seemed s u i t a b l e to us for c l i n i c a l a p p l i c a t i o n . 
Silver (1966) m e n t i o n e d the f o l l o w i n g c o n d i t i o n s for an 
ideal t i s s u e POg e l e c t r o d e : very small s i z e ; Low oxygen 
c o n s u m p t i o n ; easy i n s e r t i o n and c a l i b r a t i o n ; low r e s i d u a l 
c u r r e n t , we I I-de ve loped p l a t e a u of l i m i t i n g current and 
l i n e a r i t y up to pure o x y g e n or even h i g h e r ( h y p e r b a r i c a p p l i ­
c a t i o n ) ; s t a b i l i t y over long p e r i o d s ; s u f f i c i e n t s e n s i t i v i t y ; 
s e n s i t i v i t y only for o x y g e n ; no i n f l u e n c e from the e n v i r o n ­
m e n t ; robust and p o s s i b l y not i n f l u e n c e d by m o t i o n a r t i f a c t s ; 
n e g l i g i b l e t i s s u e d a m a g e by i n s e r t i o n ; m i n i m u m t i s s u e r e a c ­
tion d u r i n g longer a p p l i c a t i o n ; no c h a n g e by p o i s o n i n g and 
h y d r o s t a t i c p r e s s u r e c h a n g e ; no s t i m u l a t i o n of a b n o r m a l cell 
a c t i v i t y ; no i n t e r f e r e n c e with t i s s u e p e r f u s i o n . 
To d e v e l o p a PO2 n e e d l e e l e c t r o d e for c l i n i c a l a p p l i c a ­
t i o n c o m p r o m i s e s have to be made b e t w e e n o p t i m a l t h e o r e t i c a l 
and o p t i m a l p r a c t i c a l c o n s i d e r a t i o n s . P r a c t i c a l c o n s i d e r a ­
t i o n s are i n f l u e n c e d by patient a c c e p t a b i l i t y ; d e x t e r i t y of 
the a v e r a g e c l i n i c i a n ; time lapse b e t w e e n the onset of c a l i ­
b r a t i o n and the a c t u a l m e a s u r e m e n t ; p o s s i b i l i t y to i n t r o d u c e 
the PO2 e l e c t r o d e under a s e p t i c c o n d i t i o n s ; and p o s s i b i l i t y 
of b e d s i d e c a l i b r a t i o n and m e a s u r e m e n t . 
Two d i f f e r e n t types of bare PO2 m ι с roe l e e t r o d e s are 
k n o w n : the open t y p e , and the r e c e s s e d t y p e . The open type 
e l e c t r o d e c o n s i s t s of a w i r e , u s u a l l y p l a t i n u m , sealed in 
g l a s s and Leveled at the t i p . The r e c e s s e d type e l e c t r o d e is 
c h a r a c t e r i z e d by a c a t h o d e w i t h d r a w n i n s i d e the glass m a n t l e . 
This r e c e s s e d type is useful to d e t e r m i n e a b s o l u t e o x y g e n 
t e n s i o n in t i s s u e s with an u n k n o w n d i f f u s i o n c o e f f i c i e n t for 
o x y g e n (Davies and B r i n k , 1 9 4 2 ) . 
Mi с roe le с t r o d e s with very small tips are very f r a g i l e 
u n l e s s s e a l e d in a s t a i n l e s s steel or s i l v e r n e e d l e ( S c h u c h -
h a r d t , 1 9 7 1 ; A a r n o u d s e , 1 9 8 0 ) . The use of a rugged s t a i n l e s s 
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steeL needle e n a b l e s handling without d a m a g i n g the e l e c t r o d e 
i t s e l f , and easy i n s e r t i o n . 
Insertion in muscle tissue is p e r f o r m e d t h r o u g h a c o n ­
d u i t , usually p o l y e t h y l e n e and, is f a c i l i t a t e d by a bevelled 
e l e c t r o d e tip. At the same time the s t a i n l e s s steel m a n t l e 
may serve as a n o d e , thus c i r c u m v e n t i n g the use of a s e p a r a t e 
reference e l e c t r o d e . A s t a i n l e s s steel n e e d l e has also been 
used as anode by W h a l e n and Spande ( 1 9 8 0 ) . 
A.I M A N U F A C T U R I N G THE PO2 NEEDLE E L E C T R O D E . 
A c o m m e r c i a l l y a v a i l a b l e spinal n e e d l e (Beck and D i c k i n ­
son 25 G 3) was used as s t a i n l e s s steel m a n t l e . The n e e d l e 
length is 7.5 cm and the o u t s i d e d i a m e t e r is 0.53 mm. A n a l y ­
sis of the s t a i n l e s s steel needle was p e r f o r m e d by flame 
p h o t o m e t r y . The m e t a l l i c c o m p o s i t i o n is shown in table 4 . 0 . 
TABLE 4.0 Metallic composition 
of the stainless steel needle. 
Chromium 
Nickel 
Sulfur 
Phosphorus 
Manganese 
Silicium 
Ca rbon 
Iron 
17 
8 
0.15 -
71 .655 -
19 
10 
0, 
0, 
2 
1 
0. 
67. 
35 
045 
15 
455 
The 
plat 
(99. 
trol 
step 
pyre 
150 
melt 
ι nsu 
caus 
the 
capi 
fill 
fol L 
tip 
p o l y s t y r e 
ι num wir 
9 9 9 % ) wa 
y11ca I ly 
was to 
χ with a 
- 200 /urn. 
ed in the 
The most 
lated pi 
e any m 
ιnsu la 11 о 
I I a ry an 
ιng the 
owed by a 
of the 
ne luer-lock end was t e m p o r a r i l y d i s m a n t l e d . A 
e (diameter 50 ¿jm) of the highest purity 
s u s e d . One end of a 10 cm long p i e c e was e l e c -
etched to a diameter of about 5 Aim. The next 
p r e p a r e a glass c a p i l l a r y of 8 cm pulled from 
bore of 70 - 100 /jm and an o u t s i d e d i a m e t e r of 
Then the platinum wire with the etched tip was 
glass c a p i l l a r y . 
d i f f i c u l t p r o c e d u r e was p o s i t i o n i n g the g l a s s -
atinum wire into the s t a i n l e s s steel n e e d l e b e -
i c r o - c r a c k in the glass c a p i l l a r y would destroy 
n. Further insulation and fixation b e t w e e n glass 
d the s t a i n l e s s steel mantle was a c h i e v e d by 
remaining space with epoxy resin at 6 0 ° - 70° С 
h a r d e n i n g p r o c e d u r e of two hours at 8 0 o C . The 
n e e d l e was grounded until the 5 mm p l a t i n u m tip 
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became bare. A two-molar KCN solution was used to recess the 
platinum tip under continuous microscopic control. The other 
end of the stainless steel needle was reassembled and the 
polystyrene luer-lock was provided with a handy end (Lemo 
connector). The macroscopic appearance is shown in Fig. 4.0 
and a schematic longitudinal cross section in Fig. 4.1. 
0 Ö 1 
ι l 
6 7 8 9 Ю 
Figure 4.0 - Macroscopic appearance of the bipolar Pola­
rographie PO2 needle electrode. 
50/jm Pt 
Figure 4.1 - Longitudinal cross section of the bipolar Pola­
rographie PO2 needle electrode. Reproduced from van der Kleij 
and de Koning (1981) with permission. 
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Α.2 P02 E L E C T R O D E C H A R A C T E R I S T I C S . 
The most important c h a r a c t e r i s t i c of a PO2 e l e c t r o d e is 
e x p r e s s e d by the c u r r e n t - v o l t a g e curve (po la rog r a m ) . The 
shape of the p o l a r o g r a m i n d i c a t e s w h e t h e r at a c e r t a i n v o l ­
tage the current will be linear or n o n - l i n e a r to the o x y g e n 
p r e s s u r e . The p o l a r i z a t i o n should p r o v i d e a v o l t a g e (Vpol) 
at which the current is linear to the oxygen p r e s s u r e . T h e 
shape of the curve is influenced by the e l e c t r o d e itself and 
by various e x t e r n a l f a c t o r s , e.g., t e m p e r a t u r e ; pH; d i f f u s i o n 
rate of o x y g e n w i t h i n the m e d i u m . In Fig. 4.2 a p o l a r o g r a m is 
s h o w n . 
Figure 4.2 - C u r r e n t of the b i p o l a r P o l a r o g r a p h i e PO2 n e e d l e 
e l e c t r o d e as a f u n c t i o n of a p p l i e d p o l a r i z i n g v o l t a g e (-Vpol) 
in 0.9% NaCl at three d i f f e r e n t o x y g e n t e n s i o n s C l e f t ) . 
C a l i b r a t i o n line d e r i v e d from the p o l a r o g r a m at \/pol= - 0 . 7 V 
( r i g h t ) . T e m p e r a t u r e = 3 7 ° C. R e p r o d u c e d from de K o n i n g et 
a l . ( 1 9 8 2 ) with p e r m i s s i o n . 
A c a l i b r a t i o n cell of glass was d e v e l o p e d for this needle 
e l e c t r o d e which a l l o w e d : 
1) easy c a l i b r a t i o n at d i f f e r e n t oxygen p a r t i a l p r e s s u r e s ; 
2) o p t i m a l d i s p e r s i o n of the c a l i b r a t i o n gas b u b b l e s . 
The content was a p p r o x i m a t e l y 10 m l . Fig 4.3 shows the c a l i ­
b r a t i o n unit in d e t a i l . The inlet for the n e e d l e e l e c t r o d e 
has an inside d i a m e t e r of 0.6 mm, 0.07 mm wider than the 
o u t s i d e d i a m e t e r of the n e e d l e e l e c t r o d e . The left top is 
sealed with a m e r c u r y t h e r m o m e t e r . From a serie of twenty 
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Figure 4.3 - Cross section of the glass calibration unit 
incorporating three calibration cells. 
electrodes, fourteen had a good response to oxygen, as ex-
pressed by the corresponding polarogram. Six electrodes were 
unreliable, which may be due to constructing failures or 
inadequate insulation. Sensitivities for PO2 were calculated 
from the slope of the calibration lines which yielded a POp 
-12 
sensitivity ranging between 0.5 and 5x10 A/kPa. PO2 sen-
sitivity is determined by the cathode surface and the recess 
Length . 
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F igure 4.3 - Cross s e c t i o n of the g lass c a l i b r a t i o n u n i t 
i n c o r p o r a t i n g th ree c a l i b r a t i o n c e l l s . 
e l e c t r o d e s , f o u r t e e n had a good r e s p o n s e t o o x y g e n , as e x -
p r e s s e d by t h e c o r r e s p o n d i n g p o l a r o g r a m . S i x e l e c t r o d e s were 
u n r e l i a b l e , w h i c h may be due t o c o n s t r u c t i n g f a i l u r e s o r 
i n a d e q u a t e i n s u l a t i o n . S e n s i t i v i t i e s f o r PO2 were c a l c u l a t e d 
f r o m t h e s l o p e o f t h e c a l i b r a t i o n l i n e s w h i c h y i e l d e d a PO2 
s e n s i t i v i t y r a n g i n g b e t w e e n 0 . 5 and 5x10 -12 A/kPa, P0-- sen-
sitivity is determined by the cathode surface and the recess 
length. 
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4.3 RESIDUAL CURRENT. 
The residual current is the current in the absence of 
e Leetro-reduс ιbLe substances at a given polarization v o l t a g e . 
A low residual current is important for measuring oxygen at 
low tensions (Davies, 1 9 6 2 ) . 
A high residual current caused by the "condensor cur­
rent", by reducible i m p u r i t i e s , or by electrode surface con­
t a m i n a t i o n , may be compensated for. Electrical leakage due to 
inadequate insulation makes the electrode useless (Silver, 
1 9 6 7 ) . We considered a residual current of more than 10% of 
the current recorded at lOkPa PO2 as being too high. The 
remaining PO2 electrodes showed a residual current of about 
15 pA. 
4.4 INFLUENCE OF TEMPERATURE. 
Temperature alterations influence the surface area of the 
electrode and the diffusion coefficient of substances in 
solution (Silver, 1 9 6 7 ) . Temperature sensitivity of the PO2 
needle electrode was determined by recording the calibration 
line at different temperatures. This resulted m a tempera­
ture coefficient of approximately 2'/./°C as shown in Fig. 4.4. 
This is in agreement with other authors (Staub, 1961; Cater 
Cater and S i l v e r , 1961; Whalen and Nair, 1 9 6 7 ) . 
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Influence of temperature upon the calibration 
74 P02 eLectrode characteristics. 
4.5 INFLUENCE OF pH, 
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Figure 4.5 - Influence of pH upon the calibration line. Note 
that there is onLy a minor difference between pH 6.9 and 7.4, 
i.e., in the physiological range. 
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4.6 R E S P O N S E TIME. 
For m e a s u r i n g o x y g e n p a r t i a l ρ 
needs to be in f o r m e d about the sp 
e l e c t r o d e to rapid o x y g e n c h a n g e s . Τ 
recessed PO2 m i c r o - e l e c t r o d e is dir 
square of the recess length and inve 
O2 d i f f u s i o n c o e f f i c i e n t of the mat 
( Schnei de m a n and G o l d s t i c k , 1 9 7 6 ) . 
We m e a s u r e d the re s p o n s e time 
trodes by using t h r e e c a l i b r a t i o n cé 
e q u i l i b r a t e d with 1 0 0 % n i t r o g e n , S'Á 
The time e l a p s e d b e t w e e n the inserti 
the c a l i b r a t i o n cell and the deflec 
was c o n s i d e r e d as the re s p o n s e time 
r e s p o n s e time b e t w e e n 8 and 16 secon 
r e s s u r e in t i s s u e , one 
eed of r e s p o n s e of the 
he 9 0 % r e s p o n s e time of a 
ectly p r o p o r t i o n a l to the 
rsely p r o p o r t i o n a l to the 
erial f i l l i n g the recess 
of the n e e d l e PO2 e l e c -
l Is fil led with NaCl 0.9% 
o x y g e n , and 1 0 % o x y g e n . 
on of the e l e c t r o d e into 
tion to a s t a b l e current 
This resulted in a 9 5 % 
d s . 
4 . 7 . OTHER C H A R A C T E R I S T I C S . 
P r o l o n g e d p o l a r i z a t i o n showed a slow drift of the c a l i -
bration value of 1-2%/h. The good s t a b i l i t y may be e x p l a i n e d 
by the fact that p o l a r i z a t i o n e f f e c t s should be m i n o r due to 
the very small c u r r e n t . 
The o x y g e n u t i l i z a t i o n of the m i c r o - e l e c t r o d e was be t w e e n 
-1 5 0,7 and 4 χ 10 m o l / s e c as c a l c u l a t e d from the p l a t e a u 
current at PO2 = 5kPa and taking the n u m b e r of e l e c t r o n s 
released upon r e d u c t i o n per oxygen m o l e c u l e (n) to be 4 . 
Table 4.1 shows a summary of the most important c h a r a c t e ­
ristics of the PO2 n e e d l e e l e c t r o d e c o n s t r u c t e d as d e s c r i b e d 
in part 4 . 1 . 
TABLE 4.1 P o l a r o g r a p h i e bipolar PO2 
needle electrode c h a r a c t e r i s t i c s . 
Type 
Sensor d 1 ame ter 
Cat hode 
Cathode diameter 
n e e d l e , recess . 
500 /um . 
Pt w i r e i n g l a s s . 
2 - 5 /jm . 
Anode stainless steel c a n n u l a . 
Membrane or coating n o n e . 
Linearity up to 3 0 % O 2 . 
Zero current 1.5X of air. 
Drift 1 - 2%/h. 
Response time 8 - 1 6 sec for 95'/.. 
Flow sensitivity 0 - 2%. 
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4.8 MICROSCOPIC APPEARANCE OF THE STAB CHANNEL. 
The microscopic appearance of the stab channel was stu-
died. Several needle electrodes were inserted into the qua-
driceps musculature of a dog in the same way as during a 
skeletal muscle PO2 measurement. 
The animal was sacrificed and the muscle was removed with 
the needle in situ fixed in paraffine, and stained. Fig. 4.6 
shows a cross section and a longitudinal section of the stab 
channel. A slight disruption of muscle fibers can be seen but 
no fresh hematoma could be observed (Prof. Dr. J. L. SLooff, 
Dept. of Pathology, Univ. of Nijmegen). 
cross section longitudinal section 
Figure 4.6 - Microscopic appearance of a stab channel in 
skeletal muscle tissue. Note the slight disruption of muscle 
fibers. 
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4.9 Р02 AMPLIFIER 
Fig.4.7 shows the current-voltage converter diagram as 
utilized for the PO2 amplifier. Vpol represents the adjusta­
ble polarization voltage which is determined from the corres­
ponding polarogram. The amplified current is digitally dis­
played. Al is an electrometer module (Analog Devices 3 1 0 Ю , 
bias current 10 fA max. A2 is a low drift difference ampli­
fier (Analog Devices 52K). The polarization voltage is stabi­
lized by a LCI 1 13 National Semiconductor voltage regulator 
and the feedback resistor is 1000 ΜΩ (Victoreen). 
The unit was tested for patient safety and fulfilled the 
conditions according to the American Food and Drug Admi­
nistration (F.D.A.) regulations. 
1000 mO 
T
 Í -
¿ ΓΗ -
F i g u r e 4 . 7 - I-V c o n v e r t e r d i a g r a m . - V p o l = p o l a r i z a t i o n 
v o l t a g e ; a = a n o d e ; к = k a t h o d e ; A1= e l e c t r o m e t e r m o d u l e ; A2 
= low d r i f t d i f f e r e n c e a m p l i f i e r . R e p r o d u c e d f r o m de K o m n g 
e t a l . ( 1 9 8 2 ) w i t h p e r m i s s i o n . 
4 . 1 0 T O P c a r t ( T i s s u e Oxygen P r e s s u r e c a r t ) . 
For e a s y b e d s i d e m e a s u r e m e n t a m o b i l e u n i t was c o n s t r u c ­
t e d , c o n s i s t i n g o f a c a l i b r a t i o n u n i t and a m i c r o c o m p u t e r 
c o n t r o l l e d e l e c t r o n i c u n i t . The e l e c t r o n i c u n i t i n c l u d e s 
( F i g . 4 . 8 ) : a PO2 a m p l i f i e r ; a m i c r o c o m p u t e r ( A p p l e I I ) ; a 
v i d e o d i s p l a y u n i t ; a f l o p p y d i s k u n i t ; a s i l e n t - t y p e p r i n ­
t e r ; a p n e u m a t i c a d j u s t a b l e PO2 n e e d l e h o l d e r w i t h a m o t o ­
r i z e d m i c r o m a n i p u l a t o r s i t u a t e d a t t h e e n d . 
The a d j u s t a b l e h o l d e r ( F i g . 4 . 9 ) a l l o w s an e a s y a p p r o a c h 
t o t h e m e a s u r e m e n t s i t e . The c a l i b r a t i o n u n i t i s s e p a r a t e d 
f r o m t h e o t h e r s e c t i o n t o p r e v e n t damage by s p i l l i n g o f 
7 8 T o p c a r t . 
f l u i d s . T h e c a L i b r a t i o n u n i t 
c y L i n d e r s ( 1 0 0 % n i t r o g e n ; 9 5 % 
g e n + 1 0 % o x y g e n ) L o c a t e d a 
A . 9 ) ; a g l a s s c a l i b r a t i o n un 
d i n g t h r e e s e p a r a t e c e l l s 
b r a t i o n g a s c y l i n d e r . T h e Ρ 
by e t h y l e n e o x i d e a n d t h e ca 
T h e c a l i b r a t i o n of t h e 
t i a l i n s e r t i o n of t h e n e e d 
i n t o t h e t h r e e c e l l s w h i c h 
s a l i n e , f l u s h e d a n d s a t u r 
w h i l e a d j u s t i n g t h e P O 2 a m p i 
A f t e r t h e c a l i b r a t i o n ρ 
is i n s e r t e d i n t o t h e s k e l 
t u b i n g a n d f i x e d t o t h e m i c r 
is o b t a i n e d by s t e p w i s e w i t h 
m e n t i o n e d e a r l i e r , t h e PO2 
m e n t m u s t be as s i m p l e as ρ 
g u i d e d d u r i n g c a l i b r a t i o n a 
i n c l u d e s : t h r e e c a l i b r a t i o n g a s 
n i t r o g e n + 5% o x y g e n ; 9 0 % n i t r o -
t t h e s i d e of t h e T O P c a r t ( F i g . 
i t , t h e r m o s t a t e d at 3 7 ° C, i n c l u -
w h i c h a r e c o n n e c t e d t o a c a l i -
O2 n e e d l e e l e c t r o d e is s t e r i l i z e d 
l i b r a t i o n u n i t by a u t o c l a v i n g . 
P O 2 e l e c t r o d e is d o n e by s e q u e n -
le e l e c t r o d e t h r o u g h a t i n y b o r e 
a r e f i l l e d w i t h s t e r i l e n o r m a l 
a t e d w i t h t h e c a l i b r a t i o n g a s e s 
i f i e г . 
r o c e d u r e t h e P O 2 n e e d l e e l e c t r o d e 
e t a l m u s c l e t i s s u e v i a p l a s t i c 
ornan i pu I at о г . A set of P O 2 v a l u e s 
d r a w a l f r o m t h e m u s c l e t i s s u e . A s 
c a L i b r a t i o n a n d t h e PO2 m e a s u r e -
o s s i b L e . T h e r e f o r e , t h e u s e r is 
nd P O 2 m e a s u r e m e n t by t h e m i c r o -
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Figure 4.8 - Schematic diagram of the c o n n e c t i o n s between the 
sepa r a t e parts which constitute the T i s s u e - O x y g e n - P r e s s u r e 
cart (TOPca rt ) . 
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Figure 4.9 - Macroscopic appearance of the mobile unit for 
tissue PO2 measurements (TOPcart). 1 = pneumatic adjustable 
holder, 2 = micromanipulator, 3 = РОг needle electrode, 4 = 
calibration unit, 5 = water bath, 6 = video display unit, 7 = 
microcomputer (Apple II, 4 8 K ) , 8 = external memory, 9 = POg 
amplifier, 10 = calibration gases, 11 = high pressure cylin­
der for the adjustable PO2 holder. 
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c o m p u t e r in o r d e r to f a c i l i t a t e the totaL p r o c e d u r e in s e ­
q u e n t i a l s t e p s . The TOPcart p r o g r a m i n c l u d e s g u i d e l i n e s for 
c a l i b r a t i o n , i n s e r t i o n and s t a r t i n g of m e a s u r e m e n t , which 
t h e r e a f t e r p r o c e e d s a u t o m a t i c a l l y . 
A.11 M I C R O C O M P U T E R - A S S I S T E D M U S C L E PO2 A S S E S S M E N T . 
A c o m p u t e r i z e d m o b i l e unit was d e v e l o p e d to perform b e d ­
side s k e l e t a l m u s c l e PO2 m e a s u r e m e n t s with a P o l a r o g r a p h i e 
PO2 n e e d l e e l e c t r o d e (de Koning a n d - v a n der K l e i j , 1 9 8 0 ) . The 
f u n c t i o n of the c o m p u t e r i s : 
1)to g u i d e the user who p e r f o r m s the PO2 m e a s u r e m e n t ; 
2)to c o n t r o l the PO2 m e a s u r e m e n t and the e l e c t r o n i c w i t h ­
d r a w a l p r o c e d u r e of the PO2 n e e d l e e l e c t r o d e out of the 
m u s c l e t i s s u e ; 
3 ) t o t r a n s f o r m the analog data m a c l i n i c a l l y s u i t a b l e 
form; i.e., a c u m u l a t i v e h i s t o g r a m of s k e l e t a l m u s c l e 
P O 2 ; 
4 ) t o file the data in order to c o m p a r e with curves o b ­
t a i n e d from d i f f e r e n t parts of the body or with c u r v e s 
acqui red e a r l i e r . 
Figure 4.10 shows the flow chart of the TOPcart p r o g r a m . 
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4.12 S U M M A R Y . 
A P o l a r o g r a p h i e b i p o l a r PO2 need 
to m e a s u r e o x y g e n p a r t i a l p r e s s u r e i 
The g l a s s - i n s u l a t e d p l a t i n u m cathod 
less steel n e e d l e which serves as 
e l e c t r o d e is of the bare recessed ty 
tics and the c a l i b r a t i o n p r o c e d u r e a 
Skeletal m u s c l e PO2 a s s e s s m e n t 
m a t t e r of routine clinical measurem 
to too bulky e q u i p m e n t and time 
T h e r e f o r e a c o m p u t e r i z e d m o b i l e unit 
b e d s i d e skeletal m u s c l e PO2 measurem 
c o m p u t e r is : 
1) g u i d a n c e of the u s e r ; 
2) control of the s k e l e t a l m u s c l e 
t ron i с u n i t ; 
3) transformation of analog data t 
g r a m s ; 
4) performance of statistical anal 
5) filing the o b t a i n e d d a t a . 
C o m p u t e r i z a t i o n as d e s c r i b e d allows 
s e s s m e n t s within a r e a s o n a b l e time I 
i n s t a n t a n e o u s l y a v a i l a b l e and compar 
The d e s c r i b e d P o l a r o g r a p h i e PO2 
with the use of the TOPcart (Tissu 
e n a b l e s p e r f o r m a n c e of tissue PO2 m 
l o c a t i o n s . 
le e l e c t r o d e is d e s c r i b e d 
η s k e l e t a l muscle t i s s u e . 
e is m o u n t e d in a s t a i n -
a n o d e . The PO2 needle 
pe. V a r i o u s c h a r a c t e r i s -
re p r e s e n t e d . 
until recently was not a 
e n t . This was mainly due 
c o n s u m i n g m e a s u r e m e n t s . 
was d e v e l o p e d to perform 
e n t s . The function of the 
PO2 m e a s u r e m e n t and e l e c -
o c u m u l a t i v e PO2 h i s t o -
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CHAPTER 5. 
DETECTION OF EARLY HEMORRHAGIC HYPOVOLEMIA BY SKELETAL MUSCLE 
PO2 ASSESSMENT 
5.0. INTRODUCTION. 
Previous studies have shown that an impairment of capiL-
lary perfusion can be measured with different types of de-
vices which detect an alteration in the skeletal muscle 
oxygenation (Anschutz, 1968; Brantigan et al., 1974; Furuse 
et al., 1973; Sinagowitz et al., 1973; Niimkoski and Halko-
la, 1978). 
The use of this variable becomes clinically relevant if 
the measurement can be done within a certain time limit 
(e.g., 10 minutes) and in reoeated sequence. The latter is 
necessary for monitoring the trend in the skeletal muscle 
PO2, as a shift of the cumulative P0¿ histogram of skeletal 
muscle indicates a hemodynamic alteration in the microcircu-
lation, provided pulmonary function is not impaired. A small 
change in the ma с го с ι reu l a11 on may affect the microcircula­
tion, but because of circulatory adjustments, the alteration 
of clinical variables (blood pressure, Hb, Het, urinary out­
put) are lagging behind the actual alteration in the micro­
circulation. Local skeletal muscle PO2 is disturbed in an 
early stage of hemorrhagic hypovolemia when blood gas ana­
lysis and blood pressure are still within normal limits 
(Kessler et al., 1976). 
A Polarographie POg needle electrode was developed (de 
Koning and van der Kleij, 1980) for experimental and clinical 
measurement of skeletal muscle PO2. This PO2 electrode com­
bines the ruggedness of a stainless steel needle with the 
advantage of recessing the electrode tip as described by 
Schneiderman and Goldstick (1976). The use of a stainless 
steel needle in a bipolar PO2 electrode was also described by 
Whalen and Spande (1980). 
This study concerns the evaluation of skeletal muscle 
PO2, measured by this PO2 needle electrode, as an early 
indicator of impaired skeletal muscle oxygenation in a graded 
hemorrhagic hypovolemic shock model in Labrador dogs. 
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5.1 M E T H O D AND M A T E R I A L . 
S u m Lar ιty of an e x p e r i m e n t a L study to the actuaL сLι m -
caL s i t u a t i o n is of s u b s t a n t i a l i m p o r t a n c e . The u n a n e s t h e -
t i z e d , sLowly bLed dog e x p e r i m e n t r e s e m b L e s c L i m c a l types of 
h e m o r r h a g e (Bassin et a l . , 1 9 7 1 ) , but to p r e v e n t d i s l o d g e m e n t 
of the n e e d L e e l e c t r o d e , a n e s t h e s i a was i n e v i t a b l e in this 
e x p e r i m e n t . Studying the s e q u e n c e of c e n t r a l and p e r i p h e r a l 
v a s c u L a r d y n a m i c s , the choice of a n e s t h e t i c agent is i m p o r ­
tant b e c a u s e it may i n t e r f e r e with c e n t r a l c i r c u l a t o r y d e t e r ­
m i n a n t s or with the m e a s u r i n g s i t e , the s k e l e t a l m u s c l e 
t i s s u e . P e n t o b a r b i t a L ( N e m b u t a L ) is w i d e l y used in e x p e r i m e n ­
tal s h o c k . H o w e v e r , a l r e a d y in 1942 Hahn et a l . e m p h a s i z e d 
the i n f l u e n c e of N e m b u t a l on s e q u e s t r a t i o n of red cells in 
the s p l e e n . Up to t h i r t y percent of the c i r c u l a t i n g red cells 
were t r a p p e d in the spleen by p e n t o b a r b i t a l . F u r t h e r m o r e it 
has been shown by Simon and Olsen ( 1 9 6 9 ) that during p e n t o ­
b a r b i t a l a n e s t h e s i a (dose of 27.5 m g / k g ) in immature p i g s , 
the c a p i l l a r y blood flow through s k e l e t a l m u s c l e is reduced 
by 6 5 % and t h r o u g h the renal m e d u l l a by 7 0 % . Since it has 
been shown in p r e v i o u s studies that the u l t r a - s h o r t - a c t i n g 
b a r b i t u r a t e P e n t o t h a l in the lowest dose of 15 mg/kg does not 
i n t e r f e r e with c e n t r a l and p e r i p h e r a l v a s c u l a r d y n a m i c s (Vi-
n u e z a R o j a s , 1 9 6 9 ) , we used P e n t o t h a l m a d o s e of 15 m g / k g . 
S u b j e c t i n g n o n - s p l e n e e t o m ι zed d o g s to e x p e r i m e n t a l shock 
may cause c o n t r a c t i o n of the spleen r e s u l t i n g in a u t o t r a n s f u -
sion and s u b s e q u e n t l y u n c o n t r o l l e d a l t e r a t i o n s in h e m a t o c r i t , 
o x y g e n t r a n s p o r t c a p a c i t y , and v i s c o s i t y of b l o o d . In the 
a b s e n c e of the s p l e e n , a l t e r a t i o n s in blood v o l u m e , due to 
trans capi I lary refill or c a p i l l a r y l e a k a g e , are r e f l e c t e d in 
an a l t e r e d h e m a t o c r i t . For these r e a s o n s all dogs were 
s p l e n e с torn ι zed t hree to six weeks b e f o r e the e x p e r i m e n t . 
Seven h e a l t h y sp l e n e c t o m ι zed L a b r a d o r d o g s , weighing 19.5 
- 27.5 kg, were s u b m i t t e d to a g r a d e d h e m o r r h a g e of four 
times 7ml/kg (total 2 8 m l / k g ) . One day b e f o r e the e x p e r i m e n t a 
v e n o u s blood s a m p l e was taken and H b , H e t , u r e a , c r e a t i n i n e 
were d e t e r m i n e d . All d o g s showed v a l u e s w i t h i n normal r a n g e . 
T w e l v e hours b e f o r e the onset of the e x p e r i m e n t the dogs were 
kept f a s t i n g while water ad libitum was a l l o w e d . 
After i n d u c t i o n with P e n t o t h a l (15 m g / k g ) the trachea was 
i n t u b a t e d . A r t i f i c i a l v e n t i l a t i o n was carried out with a 
H a r v a r d r e s p i r a t o r . V e n t i l a t i o n was c h e c k e d by a r t e r i a l blood 
gas a n a l y s i s , and h y p o - or h y p e r v e n t i l a t i o n was c o r r e c t e d as 
r e q u i r e d . G e n e r a l a n e s t h e s i a was m a i n t a i n e d with a P e n t h o t a l 
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i n f u s i o n at t h e L o w e s t p o s s i b l e r a t e (10 rag/kg/h). D u r i n g 
h e m o r r h a g e , t h e P e n t o t h a L i n f u s i o n w a s s t o p p e d . T h e f e m o r a l 
a r t e r y a n d j u g u l a r v e i n w e r e c a n n u l a t e d f o r c o n t i n u o u s r e c o r ­
d i n g of a r t e r i a l b l o o d p r e s s u r e a n d p u l m o n a r y a r t e r i a l b l o o d 
p r e s s u r e . 
C a r d i a c o u t p u t w a s o b t a i n e d by t h e r m o d i l u t i o n ( C a r d i o 
V a s c u l a r I n s t r u m e n t s : 3 7 5 0 c a r d i a c o u t p u t c o m p u t e r ) u s i n g a 
S w a n - G a n z c a t h e t e r ( C a r d i o V a s c u l a r I n s t r u m e n t s , c a t a l o g u e 
n u m b e r : C V 9 6 0 1 7 ) . I n t r a v a s c u l a r p r e s s u r e s w e r e c o n t i n u o u s l y 
r e c o r d e d on a 9 c h a n n e l H e w l e t t - P a c k a r d r e c o r d e r , u s i n g S t a t -
ham p r e s s u r e t r a n s d u c e r s . C o a g u l a t i o n of b l o o d w i t h i n t h e 
c a n n u l a e w a s p r e v e n t e d by a S o r e n s o n i n t r a f l o w s y s t e m . T h e 
h e a r t r a t e w a s d e r i v e d f r o m t h e E С G. An i n d w e l l i n g c a t h e t e r 
w a s i n s e r t e d in t h e b l a d d e r f o r h o u r l y u r i n a r y o u t p u t m e a s u ­
r e m e n t s . A n a e r o b i c m i x e d - v e n o u s b l o o d s a m p l e s w e r e c o l l e c ­
t e d i n t o g l a s s s y r i n g e s f o r i m m e d i a t e d e t e r m i n a t i o n of h e m o ­
g l o b i n ( C y a n - H e m o g l o b i n m e t h o d ) , h e m a t o c r i t ( H a w k s l e y - M i с r o -
h e m a t o c π t - с ent π f u g e m e t h o d ) a n d b l o o d g a s a n a l y s i s ( R a d i o ­
m e t e r ) . M i x e d - v e n o u s l a c t a t e , p y r u v a t e and g l u c o s e c o n c e n t r a ­
t i o n s w e r e d e t e r m i n e d s p e с t r o p h o t o m e t г ι c a l l у in an a u t o a n a l y ­
z e r o n e d a y l a t e r a c c o r d i n g to t h e m e t h o d a s d e s c r i b e d by C. 
H. R. E n g e l ( 1 9 5 2 ) a n d m o d i f i e d by J. С N. K o k . 
T h e p r o t o c o l ( T a b l e 5 . 0 ) w a s as f o l l o w s 
(90m ι η ) - c o n t r o I p e r i o d b e f o r e h e m o r r h a g e ; t 4 -
7 m I / к g ; 
m l / k g ) ; 
m l / k g ) ; 
m L / к g ) ; 
h e m o r r h a g e of 7 m l / k g ( t o t a l 
h e m o r r h a g e 
-hemo г r h a g e 
of 
of 
7 ml/kg 
7 ml/kg 
(tota I 
(tota I 
L
 1 /· <• 2 ' 
h e m o r r h a g e 
h e m o r r h a g e 
h e m o r r h a g e 
h e m o r r h a g e 
•8 - n o e x f u s i o n n o r i n f u s i o n ; t g - r e ι n f u s ι o n 
m l / k g s h e d b l o o d a n d 1 4 m l / k g N a C l 0 . 9 % ; 
c o n t r o l p e r i o d a f t e r r e i n f u s i o n . 
'1 О a s t r 
o f 
t 
• t a 
o f 
14 
2 1 
2 8 
1 4 
1 1 
TABLE 5 . 0 E x p e r i m e n t a l p r o t o c o l , e a c h i n t e r v a l 30 m i n 
Shock v a r i a b l e s . 
H e m o r r h a g e T m L / k g . 
R e i n f u s i o n 14m I / k g . ( b l o o d ) . 
R e i n f u s i o n 1 4 m L / k g . (NacL 0 . 9 % ) . 
P50 v a l u e o f s k e l e t a l m u s c l e PO2. 
2 
X 
X 
1
э 
X 
X 
U 
χ 
χ 
χ 
4 
χ 
χ 
χ 
' б 
χ 
χ 
χ 
t 7 
χ 
χ 
χ 
t e 
χ 
χ 
t 9 
χ 
χ 
χ 
χ 
t l O 
χ 
χ 
χ 
χ 
8 6 H e m o r r h a g i c s h o c k . 
A t t h e e n d o f e a c h i n t e r v a l , t h e v a r i a b l e s l i s t e d i n 
t a b l e 5 . 1 w e r e d e t e r m i n e d . To m e a s u r e s k e l e t a l m u s c l e PO2 , 
t h e PO2 n e e d l e e l e c t r o d e w a s i n s e r t e d i n t o t h e q u a d r i c e p s 
m u s c l e ( a n g l e 4 5 ° ) a n d g r a d u a l l y w i t h d r a w n w i t h a c o m p u t e r i ­
z e d m i с r o m a n i p u l a t o r i n s t e p s o f 0 . 2 mm e v e r y 1 0 s e c . F i f t y 
PO2 v a l u e s a r e o n e PO2 m e a s u r e m e n t . 
TABLE 5 . 1 H e m o d y n a m i c , b l o o d g a s , b i o c h e m i c a l and h e m a t o l o g i c a l shock v a r i a b l e s , 
d e t e r m i n e d d u r i n g t h e g r a d e d h e m o r r h a g i c h y p o v o l e m i c s h o c k . 
Mean A r t e r i a l P r e s s u r e (mm H g ) . 
Mean P u l m o n a r y A r t e r i a l P r e s s u r e (mm H g ) . 
C e n t r a l Venous P r e s s u r e (mm H g ) . 
C a r d i a c O u t p u t ( l / m i n ) . 
H e a r t r a t e ( b e a t s / m i n ) . 
Hb ( m m o l / l ) . 
Hct (mmol / I ) . 
A r t e r i a l : PO2 ( k P a ) , p H , PCO2 ( k P a ) , 
Base E x c e s s . 
M i x e d - V e n o u s : PO2 ( k P a ) , p H ,
 rPC02 ( k P a ) 
Base E x c e s s . 
L a c t a t e (jum0 I / I ) . 
P y r u v a t e ( j u n o l / l ) . 
L/P r a t i o . 
G l u c o s e (mmo I / I ) . 
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s k e l e t a l m u s c l e PO2 showed a shift to the left. This shift to 
the left was m o r e p r o n o u n c e d in e x p e r i m e n t s 3 6 , 4 0 , and 41 
than in e x p e r i m e n t s 3 5 , and 3 7 . 
TABLE 5.2 The P50 values derived from the cumulative PO2 histograms of skele-
muscle during the graded hemorrhagic hypovolemic shock experiment per animal 
and per 30 m ιnute-inter va I. All values in kPa. 
Dog Control before 
nr. Hemorrhage 
Hemor rhage after 
Hemorrhage 
Reinfus 1 on Cont ro I 
ts — te — t ? tío 
35 
36 
37 
38 
39 
40 
41 
Mean 
S . D . 
S . E . M . 
5 . 1 ( S D = 1 . 4 ) 
6 . 2 ( S D = 0 . 6 ) 
7 . 5 t S D = 2 . 5 ) 
6 . 2 ( S D = 2 . 7 ) 
3 . 9 ( S D = 2 . 4 ) 
3 . 0 C S D = 1 . 0 ) 
3 . 1 (SD = 1 . 3 ) 
5 . 0 
1 .7 
0 . 6 
5 .4 
2 . 7 
4 . 2 
3 . 0 
3 . 5 
3 . 5 
6 . 4 
4 . 2 
1 .4 
0 . 5 
3 . 2 
3 . 5 
4 . 1 
5 .4 
4 . 0 
1.5 
1 .0 
3 . 2 
1 .5 
0 . 6 
3 . 3 
0 .1 
2 . 3 
3 . 0 
2 . 7 
0 . 2 
0 . 3 
1 . 7 
1 .4 
0 . 5 
2 . 9 
0 . 2 
1 .3 
0 . 5 
0 . 7 
0 . 3 
0 . 3 
0 . 9 
1 .0 
0 . 5 
3 . 5 
0 . 6 
1 .2 
2 . 6 
1 .8 
1 . 0 
0 . 8 
1 . 6 
1 .1 
0 . 4 
6 . 0 
4 . 5 
5 . 6 
2 . 2 
0 . 9 
6 . 2 
4 . 5 
4 . 3 
2 . 0 
0 . 8 
7 . 6 
6 . 7 
7 . 6 
3 . 2 
2 . 5 
5 .4 
7 . 1 
5 . 8 
2 . 1 
0 . 8 
7 . 7 
4 . 2 
6 . 0 
3 . 6 
5 . 0 
6 . 2 
5 . 9 
5 .5 
1 .4 
0 . 5 
Fig. 5.7 p r e s e n t s the cum 
m u s c l e P O 2 of all m e a s u r e m e n t s 
t 4 , t 5 , tg and tj (before hemo 
T h e s e c u r v e s r e p r e s e n t the av 
i n d i v i d u a l c u r v e s . The curve 
with i n c r e a s i n g h e m o r r h a g e , с 
cr e a s e in s k e l e t a l m u s c l e POg. 
ces b e t w e e n the P50 va l u e s of 
than the d i f f e r e n c e s b e t w e e n t 
and Table 5 . 3 ) . The d i f f e r e n c e 
s k e l e t a l m u s c l e POj is 4.04 kPa 
and for the P70 valu e 6.05 kPa 
u l a t i v e h i s t o g r a m s of s k e l e t a l 
of the 7 dogs t o g e t h e r for t ß , 
rr h a g e and d u r i n g h e m o r r h a g e ) . 
e r a g e s of the c o r r e s p o n d i n g 
s shift g r a d u a l l y to the left 
o r r e s p o n d i n g to a g r a d u a l d e -
Co г respond i ng ly, the d i f f e r e n -
the c u r v e s at t3 are s m a l l e r 
he P70 v a l u e s at t 7 (Fig. 5.0 
b e t w e e n t-f and t3 for the mean 
, for the P50 valu e 5.03 kPa 
(Table 5 . 3 ) . 
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EXPERIMENT NR 35 
Jl tu control шЩ_ 
ли ил Ш Cffi Ш И 1 [ц t 1 0 resuscitation 
t И ^ к иЯ 
t 9 resuscitation 
gJL·^-
t e no-/ex-infusion 
Idilio t7 hemorrhage 
100 
8 0 -
6 0 -
4 0 -
20 
te hemorrhage 
. ' t 5 hemorrhage 
f . ¡Limi | jffl 
,.-'t2 control 
'30 mm, 
,,-'ti control 
np np ¡fa y ^ ψψ r ι f — r 
05 25 45 65 85 105 kPa 
Figure 5.0 - PO2 histogram of experiment 35. 
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EXPERIMENT NR, 36 
tu control 
te hemorrhage 
t 5 hemorrhage 
.•'tA hemorrhage 
control 
riV-li^tip· 
,,-'t2 control 
30 mm 
щ щЩ I f щЩ щщ ψ 
' t i control 
Q5 25 45 65 85 105 КРа 
Figure 5.1 - POg histogram of experiment 36. 
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EXPERIMENT NR 37 
tti control 
Іб hemorrhage 
ts hemorrhage 
v И I f I f щ 
Q5 25 45 65 85 105 kPa 
Figure 5.2 - PO2 histogram of experiment 37. 
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EXPERIMENT NR, 38 
100 
80 
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40 
20 
. • I B •• 
ff№i ЕЯ roi Кя ffjfw КЯ фі И . 
t t i c o n t r o l 
mM—jm 
t,o resuscitation 
t 9 resuscitation 
_!SS M Ш . 
:ΐιζ 
t 8 no-/ex-infusion 
t7 hemorrhage 
III 
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\¿M m m m Hi 
JKSt ВШ щгв rrrn f--'-
д д дм . m вма вааа ^ д ^ д рд дд 
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t3 control 
Ш J 
Ш Щ ш 
control 
щ ш,·' у' у ум control 
7 30 mm 
05 25 45 65 85 105 kPa 
Figure 5.3 - PO2 histogram of experiment 38. 
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EXPERIMENT NR 39 
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80 
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•«ІІІВІв 
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^.-'tg resuscitation 
LI_ t 8 no-/ex-infusion 
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ι a» 1 И И-І 
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уЛ
л
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* " " — ^30 min 
'U control 
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Figure 5.4 - PO2 histogram of experiment 39. 
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EXPERIMENT NR 40 
80 
60 
40 
20 
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fulfil I w 
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Q5 25 45 65 85 105 kPa 
Figure 5.5 - PO2 histogram of experiment 40. 
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EXPERIMENT NR. 41 
100 
8 0 -
6 0 -
40 
20 
tu control 
tin resuscitation 
t 9 resuscitation 
t 6 hemorrhage 
t 5 hemorrhage 
Ё^шшшИшШш 
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ЩШ Щш щш ¡ρ. 
'І2 control 
^30 min. 
ίψ-Ψ-
f||Ù||j t, control 
05 25 45 6.5 8.5 105 kPa 
F i g u r e 5 . 6 - PO2 h i s t o g r a m o f e x p e r i m e n t 4 1 . 
Hemor rhagic shock. 95 
100 
Figure 5.7 - Cumulative POj histograms of skeletal muscle 
(n=350) during graded hemorrhage in sp lenectomi zed Labrador 
dogs. t3 is the controle curve, and t^, 1$, tg, t/ are the 
curves corresponding to a hemorrhage of 7 ml/kg body weight. 
TABLE 5.3 Comparison of arithmetic mean PO2 with the 
P50 (median) and P70 found in the cumulative PO2 his-
tograms. 
Ti me 
ti 
tZ 
t3 
tA 
t5 
to 
t7 
t8 
t9 
tlO 
t11 
M »an 
kPa 
4 
4 
5 
4 
3 
2 
1 
1 
4 
5 
5 
69 
99 
28 
01 
.36 
.05 
.24 
.88 
.43 
.52 
.29 
P50(Median) 
kPa 
4.41 
5.12 
5.71 
4.20 
3.27 
1 .39 
0.68 
1 .32 
4.60 
6.43 
5.73 
P70 
kPa 
6.15 
6.73 
7.44 
5.55 
4.56 
2.91 
1 .39 
2.80 
5.88 
7.67 
7.04 
ti , t2 , tß are control measurements, t^ , tg, tg , tj are 
measurements during graded hemorrhage, tg and tig are 
measurements during reinfusion, t^ is after reinfusion. 
9 6 H e m o r r h a g i c s h o c k . 
TABLE 5.A The mean value + the standard error of the mean CS.E.M.) of aLL 
variables during the graded hemorrhagic hypovolemic shock. 
*1 * t 2 ' г 3 : control before hemorrhage; t ^ t / : hemorrhage 4 и 7 ml/kg body-
weight; tg : no ι n-/exf us ι on; tg-t-io : reinfusion; t^ : control after reinfusion. 
Control before 
Hemorrhage 
Hemor rhage 
VARIABLE 
Mean Art. Blood Pressure. 
Mean Pulm. Art. Blood Pressure. 
Central Ven. Blood Pressure. 
Cardiac Output. 
Heart Rate. 
Urinary Output. 
Hemoglobin Concentration. 
Hema t o e n t. 
Arteri a l PO? . 
Arterial pH. 
Arterial PCO2. 
Arteria I Base Excess. 
150 
3.1 
8.A 
1.5 
1 .1 
0.3 
3.6 
0.4 
138 
10.3 
0.0 
-
7.6 
0.3 
0.37 
0.1 
13.2 
0.2 
7.39 
0.01 
A.8 
0.1 
•2.4 
0.6 
154 
2.8 
7.9 
2.0 
1 .0 
0.3 
3.8 
0.5 
143 
9.4 
7.2 
0.7 
7.5 
0.5 
0.37 
0.1 
13.2 
0.2 
7.40 
0.01 
4.9 
0.1 
-2.0 
0.6 
151 
4.7 
7.7 
2.2 
1 .0 
0.3 
3.8 
0.5 
148 
10.2 
5.2 
0.4 
7.7 
0.3 
0.37 
0.1 
12.9 
0.2 
7.39 
0.003 
4.9 
0.1 
-2.1 
0.4 
157 
3.7 
7.1 
2.2 
0.4 
0.2 
3.2 
0.4 
145 
8.8 
1.2 
0.2 
7.3 
0.3 
0.36 
0.1 
12.8 
0.2 
7.39 
0.01 
4.94 
0.1 
-2.3 
0.5 
143 
3.5 
6.1 
2.0 
0.0 
0.2 
2.3 
0.3 
172 
6.7 
4.8 
0.3 
7.1 
0.3 
0.35 
0.1 
12.4 
0.2 
7.38 
0.01 
5.0 
0.1 
-2.5 
0.5 
H e m o r r h a g i c shock. 9 7 
'6 
113 
13.7 
6.4 
1.5 
-0.3 
0.2 
2.0 
0.3 
160 
9.1 
5.8 
0.3 
6.9 
0.3 
0.33 
0.1 
12.0 
0.1 
7.36 
0.02 
5.0 
0.1 
-4.0 
0.8 
He 
— t? 
89 
8.4 
5.0 
1 .5 
-0.4 
0.2 
1 .6 
0.2 
158 
4.4 
4.7 
0.4 
6.5 
0.3 
0.32 
0.2 
11.6 
0.3 
7.32 
0.02 
5.1 
0.1 
-5.9 
0.9 
after 
morrhage 
ι 8 
100 
6.6 
5.0 
1 .3 
-0.4 
0.3 
1.7 
0.2 
167 
5.0 
3.0 
0.3 
6.2 
0.3 
0.31 
0.1 
11 .6 
0.2 
7.32 
0.02 
5.3 
0.2 
-5.5 
0.8 
Rei nf 
<9 
132 
3.9 
7.3 
1.5 
1 .4 
0.7 
3.4 
0.4 
164 
12.2 
16.8 
0.9 
6.7 
0.2 
0.33 
0.1 
12.6 
0.2 
7.36 
0.01 
5.0 
0.1 
-3.9 
0.5 
'usi on 
— tío 
143 
3.9 
8.7 
1 .4 
2.0 
0.4 
4.6 
0.6 
142 
7.0 
62.0 
4.0 
6.9 
0.3 
0.33 
0.1 
13.0 
0.3 
7.38 
0.01 
4.9 
0.1 
-3.4 
0.2 
Cont го I 
tu 
147 
3.2 
7.8 
1.7 
1 .1 
0.4 
4.0 
0.5 
143 
5.5 
38.7 
2.0 
7.1 
0.3 
0.35 
0.1 
12.8 
0.2 
7.38 
0.01 
4.8 
0.1 
-3.4 
0.4 
mmHg . 
+ SEM 
mmHg. 
+ SEM 
mmHg . 
iSEM 
l/min. 
+ SEM 
beat s/mi η 
+ SEM 
ml/30min. 
+ SEM 
mmol/L. 
+ SEM 
l/l. 
+ SEM 
kPa. 
+ SEM 
u m t s 
+ SEM 
kPa. 
+ SEM 
mmo L / l . 
+ SEM 
Corr. 
1) 
+ .77 
+ .37 
+ .60 
+ .76 
. .05 
+ .64 
+ .78 
+ .80 
+ .72 
.22 
+ .59 
Sig. 
2) 
*** 
* 
** 
*** 
η .s . 
п.s 
*** 
*** 
*** 
* ** 
η.s. 
#* 
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TABLE 5.4 The mean value + the standard error of the mean CS.E.M.) of aLL 
variables during the graded hemorrhagic hypovolemic shock. 
t1 , tj/ tß: control before hemorrhage; t^-tj : hemorrhage 4 x 7 ml/kg body-
weight; tg: no in-/exfusion; tg-tig : reinfusion; t^ : control after reinfusion. 
Cont rol before 
Hemorrhage 
Hemorrhage 
VARIABLE 
Arterio-Venous PO2 difference. 
Mixed-Venous pH. 
Mixed-Venous PCO2. 
Mixed-Venous Base Excess. 
Pyruvate. 
L/P Ratio. 
Glucose . 
P50 Value of Skeletal Muscle PO2 
(n=50). 
4.9 
0.4 
7.38 
0.01 
5.1 
0.1 
2.0 
0.6 
143 
35.4 
151 
26.2 
0.91 
0.09 
5.4 
0.2 
4.6 
0.6 
5.0 
0.4 
7.38 
0.01 
5.2 
0.1 
-2.2 
0.6 
132 
35.1 
135 
24.7 
0.95 
0.10 
5.4 
0.2 
5.0 
0.9 
4.9 
0.4 
7.37 
0.01 
5.2 
0.1 
-2.4 
0.4 
119 
30.8 
127 
24.0 
0.92 
0.09 
5.4 
0.2 
5.3 
1 .0 
5.3 
0.3 
7.37 
0.01 
5.3 
0.1 
-2.2 
0.4 
112 
24.3 
120 
18.3 
0.93 
0.09 
5.6 
0.2 
4.2 
0.5 
5.6 
0.4 
7.35 
0.01 
5.5 
0.2 
-2.3 
0.5 
105 
18.7 
118 
17.1 
0.91 
0.08 
5.6 
0.2 
3.2 
0.6 
1) Mean correlation with difference of median skeLetal muscLe PO2 from 
cont ro L Level. 
2) Significance of г tested for zero correlation: 
n.s. = not s i g m f icant (P > 0.10). 
* = significant (0.01 < Ρ S 0.05). 
* * = highly significant ( 0 . 0 0 1 < p S 0.01). 
* * * = highly significant ( P S 0.001). 
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г6 
6.5 
0.5 
7.31 
0.02 
6.1 
0.2 
-3.4 
0.7 
169 
35.2 
152 
23.3 
1.1 
0.10 
6.5 
0.4 
1 .7 
1 .4 
H 
—
 ι7 
7.3 
0.4 
7.24 
0.02 
6.9 
0.3 
-5.5 
0.9 
275 
42.4 
203 
17.6 
1.36 
0.16 
7.6 
0.6 
0.9 
1 .0 
after 
emorrhage 
»β 
6.7 
0.2 
7.24 
0.03 
7.2 
0.3 
-4.9 
0.9 
270 
41 .4 
195 
13.4 
1 .35 
0.14 
7.7 
0.6 
1.6 
0.4 
Reinl 
tg 
5.2 
0.3 
7.31 
0.02 
5.8 
0.2 
-4.2 
0.7 
151 
15.6 
159 
13.8 
0.96 
0.09 
6.1 
0.4 
4.3 
0.8 
f usi on 
— tío 
4.8 
0.3 
7.35 
0.01 
5.3 
0.1 
-2.9 
0.3 
98 
6.6 
114 
7.1 
0.87 
0.07 
5.4 
0.2 
5.8 
0.8 
Control 
tu 
5.0 
0.3 
7.36 
0.01 
5.2 
0.06 
-2.8 
0.6 
87 
7.1 
110 
4.8 
0.80 
0.08 
5.3 
0.1 
5.5 
0.5 
kPa. 
+ SEM. 
Units. 
+ SEM 
kPa. 
+ SEM 
mmo L/L. 
tSEM 
/umoL / L . 
+ SEM. 
/umo L / l . 
+ SEM 
u n i t s . 
+ SEM 
mmo L/L . 
+ SEM 
k P a . 
+ SEM 
Corr . 
1) 
- .74 
+ .75 
- .67 
+ .67 
- .66 
- .66 
- .66 
- .56 
Sig. 
2) 
*** 
* + * 
*** 
*** 
*** 
*** 
*** 
*** 
1 0 0 Hemorrhagic shock. 
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The c h a n g e (in %) on the a v e r a g e and the standard error 
he mean were c a l c u l a t e d for the mean a r t e r i a l blood p r e s -
, the cardiac o u t p u t , the la e t a t e / p y r u vate r a t i o , the 
n o - v e n o u s PO2 d i f f e r e n c e and the P50 of s k e l e t a l m u s c l e 
(Fig. 5 . 8 ) . During early h e m o r r h a g i c h y p o v o l e m i c shock 
the P50 value of s k e l e t a l m u s c l e PO2 d e c r e a s e d by 3 6 % on 
a v e r a g e , while the blood p r e s s u r e d e c r e a s e d by 8% on the 
age . 
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Figure 5.8 - Change (in%) on the average and the standard 
error of the mean from the initial vaLue (ti - X.2 ) of mean 
arterial blood pressure, cardiac output, L/P ratio, arterio­
venous PO2 dif f e r e n c e , and P50 value of skeletal muscle P O j . 
t4 and ts are considered as early hemorrhagic hypovolemic 
shock. 
102 Hemorrhagic shock. 
5.3 D I S C U S S I O N . 
Early r e c o g n i t i o n is i m p e r a t i v e for an e f f i c i e n t t r e a t -
ment of s h o c k . The o b j e c t i v e s of the p r e s e n t study were to 
i n v e s t i g a t e the c o u r s e of s k e l e t a l m u s c l e PO2 (obtained with 
a P o l a r o g r a p h i e PO2 n e e d l e e l e c t r o d e d u r i n g g r a d e d h e m o r r h a -
gic s h o c k ) and to compare its a l t e r a t i o n with h e m o d y n a m i c , 
blood g a s , b i o c h e m i c a l and h e m a t o l o g i c a l v a r i a b l e s in order 
to e s t a b l i s h which v a r i a b l e is most s e n s i t i v e to an early 
h e m o r r h a g i c h y p o v o l e m i c s h o c k . 
A great number of d i f f e r e n t types of t i s s u e PO2 e l e c -
t r o d e s have been d e s c r i b e d for the past d e c a d e s (review by 
K r e u z e r et a l . , 1 9 8 0 ) . E l e c t r o d e s with very small (order of 
urn) tips have often p r o v i d e d good r e s u l t s in vitro (Cater and 
S i l v e r , 1 9 6 1 ; B i c h e r and K n i s e l y , 1 9 7 0 ; Erdmann et a l . , 
1 9 7 0 ; B a u m g ä r t l and L u b b e r s , 1 9 7 3 ; W h a l e n et a l . , 1 9 7 4 ) but 
have been beset with d i f f i c u l t i e s d u r i n g in vivo a p p l i c a t i o n , 
p a r t i c u l a r l y with respect to easy b r e a k a b i l i t y and d a m a g e to 
the t i s s u e . 
The p r e s e n t PO2 n e e d l e e l e c t r o d e is rugged and simple in 
d e s i g n in that the h o l d i n g n e e d l e of s t a i n l e s s steel at the 
same time s e r v e s as a n o d e , which is s i m i l a r to the e l e c t r o d e 
d e s c r i b e d by W h a l e n and Spande ( 1 9 8 0 ) . It may be s u r p r i s i n g 
that the s t a i n l e s s steel works so w e l l , but this has been 
e x p e r i m e n t a l l y a s c e r t a i n e d in the p r e s e n t study as well in 
that of W h a l e n and Spande ( 1 9 8 0 ) . A s k e l e t a l m u s c l e PO2 
m e a s u r e m e n t on one single location in the t i s s u e does not 
reflect s u f f i c i e n t or i n s u f f i c i e n t o x y g e n a t i o n . Yet W a k a b a -
yaski et a l . (1975) found a c o r r e l a t i o n of the s k e l e t a l 
m u s c l e PO2 with the blood p r e s s u r e in d o g s . During the c o n -
trol p e r i o d , s k e l e t a l m u s c l e PO2 was 7.33 kPa (55 mm Hg) and 
d r o p p e d to 1.06 kPa (8 mm Hg) when the blood p r e s s u r e was 
lowered 30 mm Hg. 
S i n a g o w i t z et a l . ( 1 9 7 3 ) , using a m u l t i w i r e surface e l e c -
t r o d e d u r i n g h e m o r r h a g i c shock in d o g s , found a p r o n o u n c e d 
shift to the left of the PO2 h i s t o g r a m of s k e l e t a l m u s c l e , 
w h i l e the blood p r e s s u r e d r o p p e d from 110 to 60 mm Hg. These 
a u t h o r s c o n c l u d e d that d u r i n g h e m o r r h a g i c s h o c k , a n o x i a d e v e -
lops first in m u s c l e t i s s u e , which m e a n s that early i n f o r m a -
tion can be o b t a i n e d from s k e l e t a l m u s c l e . 
Lund ( 1 9 7 9 ) , using the same s u r f a c e e l e c t r o d e in r a t s , 
found h i g h e r v a l u e s for the mean m u s c l e PO2 during h e m o r r h a -
gic h y p o v o l e m i a ; the drop of the mean a r t e r i a l blood p r e s s u r e 
was from 132.5 mm Hg (range 85 - 160 mm Hg) to 6 8 . 9 mm Hg 
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I n c r e a s e s of Lactate and p y r u v a t e c o n c e n t r a t i o n s in bLood 
d u r i n g h y p o v o l e m i a are signs of a n a e r o b i c g l y c o l y s i s r e s u l -
ting from a lack of o x y g e n . The a v e r a g e c h a n g e (in%) of the 
l/p r a t i o was lagging b e h i n d the P50 v a l u e c h a n g e of s k e l e t a l 
m u s c l e PO2 (Fig. 5 . 8 ) . 
T h e s e e x p e r i m e n t s show i n d i v i d u a l d i f f e r e n c e s in the 
a l t e r a t i o n of s k e l e t a l m u s c l e PO2 v a l u e s d u r i n g h e m o r r h a g e . 
N e v e r t h e l e s s , the trend of the shift of the c u m u l a t i v e PO2 
h i s t o g r a m of the s k e l e t a l m u s c l e was c l e a r l y d i s c e r n i b l e in 
each i n d i v i d u a l a n i m a l . 
It may be c o n c l u d e d that this P o l a r o g r a p h i e b i p o l a r PO2 
n e e d l e e l e c t r o d e may be a u s e f u l d e v i c e to d e t e c t an early 
a l t e r a t i o n in s k e l e t a l m u s c l e o x y g e n a t i o n . The use of the 
c u m u l a t i v e PO2 h i s t o g r a m of s k e l e t a l m u s c l e t i s s u e m e a s u r e d 
at i n t e r v a l s and its shift (to the left or r i g h t ) a l l o w s 
d e t e c t i o n of an early i m p a i r m e n t of s k e l e t a l m u s c l e o x y g e n a -
t i o n . 
5.4 S U M M A R Y . 
S k e l e t a l m u s c l e PO2 was s t u d i e d d u r i n g graded h e m o r r h a g e 
in L a b r a d o r dogs by m e a n s of the P o l a r o g r a p h i e P O 2 n e e d l e 
e l e c t r o d e d e s c r i b e d in c h a p t e r 4. 
When c o m p a r e d to h e m o d y n a m i c , blood g a s , b i o c h e m i c a l and 
h e m a t o l o g i c a l v a r i a b l e s , a shift to the left of the c u m u l a -
tive PO2 h i s t o g r a m of s k e l e t a l m u s c l e t i s s u e was the e a r l i e s t 
and most s e n s i t i v e i n d i c a t o r of an i m p a i r e d o x y g e n a t i o n of a 
n o n - v i t a l o r g a n . The mean a r t e r i a l blood p r e s s u r e and the 
m e a n of the P50 v a l u e s ( m e d i a n s ) of s k e l e t a l m u s c l e P O 2 w e r e , 
r e s p e c t i v e l y , d u r i n g the c o n t r o l p e r i o d 1 5 1 . 6 mm Hg and 5.0 
kPa (37.5 mm H g ) , d u r i n g early h e m o r r h a g i c h y p o v o l e m i a 143 mm 
Hg and 3.2 kPa (24.5 mm H g ) , and d u r i n g h e m o r r h a g i c shock 89 
mm Hg and 0.9 kPa (6.7 mm H g ) . 
The use of this P o l a r o g r a p h i e b i p o l a r PO 2 needle e l e c -
t r o d e a l l o w s in most of the cases an e a r l y d e t e c t i o n of 
h e m o r r h a g i c h y p o v o l e m i c s h o c k . 
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CHAPTER 6. 
D E T E C T I O N OF EARLY SEPTIC SHOCK BY S K E L E T A L M U S C L E PO 
A S S E S S M E N T 
6.0 I N T R O D U C T I O N . 
Since m o r t a l i t y rate of septic shock r e m a i n s high (NeeLy 
et a L . , 1 9 7 1 ) and s u r v i v a l rate highly d e p e n d s on the i n t e r ­
val b e t w e e n the onset of septic shock and the i n i t i a t i o n of 
a d e q u a t e t r e a t m e n t , r e c o g n i t i o n of septic shock in an early 
stage r e m a i n s very i m p o r t a n t . 
More a t t e n t i o n has been d i r e c t e d to the study of p a t h o l o ­
gical p h e n o m e n a of septic shock (Weil and S p i n k , 1 9 5 7 ; H i n -
shaw et a l . 1 9 6 8 ; Postel et a l . , 1 9 7 5 ; H i n s h a w , 1 9 7 6 ; Emerson 
and R a y m o n d , 1 9 7 9 ; H o l z m a n et a l . , 1 9 7 7 ; Manny et a l . , 
1 9 7 7 ; S e y f e r et a l . , 1 9 7 7 ; Cuasta V a l e n t i n , 1 9 8 1 ) than to 
its early d e t e c t i o n . 
The p r i m a r y aim of this e x p e r i m e n t was to study the 
c o u r s e of s k e l e t a l m u s c l e P O 2 d u r i n g a p r o g r e s s i v e s e p t i c 
shock i n d u c e d by slow i n f u s i o n of live E s c h e r i c h i a c o l i , 
e s p e c i a l l y with respect to early c i r c u l a t o r y a l t e r a t i o n s . 
T h e r e f o r e , we have chosen for a w e L L - d o c u m e n t e d b a c t e r e m i c 
shock model (Hinshaw et a l . , 1 9 7 0 ; G r i f f i t h s et a l . , 1 9 7 3 ; 
Groves et a l . , 1 9 7 4 ) . On the a d v i c e of P r o f . Dr. L.B. H i n s h a w 
we used a c o n t i n u o u s i n f u s i o n of E s c h e r i c h i a coli b a c t e r i a 
during five hours instead of a bolus i n f u s i o n d u r i n g one 
h o u r . 
The second aim of this e x p e r i m e n t was to c o m p a r e h e m o d y ­
n a m i c , blood g a s , b i o c h e m i c a l , h e m a t o l o g i c a l v a r i a b l e s and 
s k e l e t a l m u s c l e PO2 v a l u e s with respect to d e t e c t early 
septic s h o c k . 
P o s s i b l e a l t e r a t i o n of shock v a r i a b l e s in s e p s i s and 
their c l i n i c a l value have been d i s c u s s e d in c h a p t e r 2. 
6.1 M E T H O D . 
Nine sp lene с tomi zed L a b r a d o r d o g s were s u b j e c t e d to a 
five hour c o n t i n u o u s i n f u s i o n of live E s c h e r i c h i a coli of 
10 /kg body w e i g h t . Several weeks b e f o r e the e x p e r i m e n t , 
106 Sept тс shock . 
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s p l e n e c t o m y was p e r f o r m e d to allow c a l c u l a t i o n s of change 
blood v o l u m e from changes in Hb and Hct. The E s c h e n 
coli (strain type В 7) were o b t a i n e d from the laboratory 
P r o f . Dr. L.B. H i n s h a w . A s u s p e n s i o n was prepared from a 
cul t u r e on TSA a g a r , washed in NaCl 0.9% and resuspended 
12 
c o n c e n t r a t i o n of 1.2 χ 10 m ι с r o o r g a m s m s /m I and comp 
with the M a c F a r l a n d s e r i e s . A f t e r w a r d s the real concentra 
was a s s e s s e d by plating 0.1ml of several d i l u t i o n s on b 
agar p l a t e s . After 24h i n c u b a t i o n the n u m b e r of colonies 
counted and the c o n c e n t r a t i o n of live E s c h e r i c h i a coli 
d e t e r m i n e d . These results are listed in Table 6.0. 
The a v e r a g e age of the dogs was 27 m o n t h s (range 13-52 
m o n t h s ) and the weight ranged beween 21.8 kg and 24.2 kg. 
After i n d u c t i o n with P e n t o t h a l ( 1 5 m g / k g ) the trachea was 
i n t u b a t e d . A r t i f i c i a l v e n t i l a t i o n was e a r n e d out with a 
Harvard r e s p i r a t o r . General a n e s t h e s i a was m a i n t a i n e d with a 
t h i o p e n t o n e infusion at the lowest p o s s i b l e r a t e . The femoral 
a r t e r y and jugular vein were c a n n u l a t e d for c o n t i n u o u s r e c o r ­
ding of the a r t e r i a l blood p r e s s u r e and p u l m o n a r y arterial 
blood p r e s s u r e . Cardiac output was o b t a i n e d by t h e r m o d i l u t i o n 
using a S w a n - G a n z c a t h e t e r . A n a e r o b i c m i x e d - v e n o u s blood 
samples were collected into glass s y r i n g e s . The h e m o d y n a m i c 
TABLE 6.0 Concentration of viable 
Escherichia coli per ml per expe-
rι ment . 
Experiment nr. 
42 
43 
45 
46 
47 
48 
49 
50 
51 
1 .ZxlO 1 0 /ml 
1 .7x10 1 u/ml 
8.9x10 1 0 /ml 
2.1 x 1 0 1 0 /ml 
1 .4x10 1 0/ml 
1 .4x10 lu /ml 
1 .4x10 1 0 /ml 
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v a r i a b l e s w e r e c o n t i n u o u s l y m o n i t o r e d and r e c o r d e d . I n t h i s 
e x p e r i m e n t one s k e l e t a l m u s c l e PO2 m e a s u r e m e n t c o n s i s t e d o f 
100 PO2 v a l u e s . A f t e r c a n n u l a t i o n , a 9 0 - r m n p e r i o d was a l l o w ­
ed f o r s t a b i l i z a t i o n . The v a r i a b l e s l i s t e d i n T a b l e 6 . 1 w e r e 
d e t e r m i n e d e v e r y 30 m i n u t e s . 
TABLE 6 . 1 H e m o d y n a m i c b l o o d g a s , b i o c h e m i c a l a n d h e m a t o l o g i c a l v a r i a b l e s , 
d e t e r m i n e d d u r i n g t h e s e p t i c s h o c k e x p e r i m e n t . 
Mean A r t . B l o o d P r e s s u r e (mm H g ) . 
Mean P u l m o n a r y A r t . P r e s s u r e (mm H g ) . 
C e n t r a l V e n o u s P r e s s u r e (mm H g ) . 
P u l m . C a p . Wedge P r e s s u r e (mm H g ) . 
C a r d i a c O u t p u t ( l / m i n ) . 
U r i n a r y O u t p u t ( m l / h ) . 
H e a r t R a t e ( b e a t s ( / m i n ) . 
C o r e T e m p e r a t u r e ( 0 C ) . 
T h r o m b o c y t e s ( 1 0 9 / I ) . 
L e u c o c y t e s ( 1 0 9 / l > . 
Hb ( m m o l / l ) . 
H c t ( l / l ) . 
P 5 0 a n d P 7 0 v a l u e o f 
s k e l e t a l m u s c l e PO2 ( k P a ) . 
A r t e r i a l : PO2 ( k P a ) , p H , PCO2 ( k P a ) , 
HCO3 ( m m o l / l ) . B a s e E x c e s s . 
M i x e d - V e n o u s : P 0 2 ( k P a ) , p H , PCO2 ( k P a ) , 
HCO3 ( m m o l / l ) . B a s e E x c e s s . 
L a c t a t e ( / u m o l / l ) . 
P y r u v a t e ( / u m o l / l ) . 
L/P r a t i o . 
G l u c o s e (mmo I / I ) . 
B l o o d u r e a ( / u m o l / L ) . 
BLood C r e a t i n i n e ( m m o l / l ) . 
P o t a s s i u m ( m m o l / l ) . 
S o d i u m ( m m o l / I ) . 
C o n t r o l l e v e l s w e r e d e r i v e d f r o m t h e f i r s t 4 v a l u e s ( t g / t i / 
t 2/ * з - ^ · T a b l e 6 . 2 shows t h e p r o t o c o l . The f i r s t h o u r ( t 4 , 
t c ) a f t e r t h e o n s e t o f t h e i n f u s i o n o f l i v e E s c h e r i c h i a c o l i 
was c o n s i d e r e d as t h e e a r l y s t a g e o f s e p t i c s h o c k . 
To m e a s u r e s k e l e t a l m u s c l e PO2 t h e PO2 s t a b e l e c t r o d e was 
i n s e r t e d i n t o t h e L e f t o r r i g h t q u a d r i c e p s m u s c l e and g r a ­
d u a l l y w i t h d r a w n w i t h a c o m p u t e r i z e d m i c r o m a n i p u l a t o r . The 
P50 and t h e P70 v a l u e s w e r e d e r i v e d f r o m t h e c u m u l a t i v e PO2 
h i s t o g r a m o f s k e l e t a l m u s c l e . B e f o r e e v e r y s k e l e t a l m u s c l e 
PO2 m e a s u r e m e n t t h e PO2 e l e c t r o d e was r e c a l i b r a t e d as p r e ­
v i o u s l y d e s c r i b e d . 
1 0 8 Sept i с sh o c k . 
TABLE 6.2 Pr o t o c o l of septic shock e x p e r i m e n t , each 
inter vaL 30 m i n . 
CONTROL Infusion of 10'° E.coL ι /kg 
in 5 hours 
to 
H 
t3 t4 
H 
t5 
H 
te 
н 
tío tu *12 43 
T = T h r o m b o c y t e s , Hb, Het, L e u c o c y t e s , blood u r e a , blood 
c r e a t i n i n e , sodium, p o t a s s i u m . H=all other shock varia-
b l e s . 
6.2 RESULTS. 
AIL animals developed a blood - sta 
one dog (nr. 49) this resulted in a Hb d 
mmol/l and subsequent death at t^- Tuo a 
and 49) during the experiment (at t ^ ап^ 
were sacrificed after t ^ . Table 6.3 shows 
muscle P50 derived from the cumulative PO 
control level of the P50 value showed a la 
the S.D. value) within and between dogs. 
the infusion with Live Escherichia coli s 
an overall significant decrease of the P50 
muscle PO2. Experiments 42 and 49 showed 
the P50 value, whereas experiments 46, 4 
gradual decline of the P50 value. The dec 
the skeletal muscle PO2 was directly relat 
circulatory deterioration as evidenced b 
variables, but occurred one hour earlier. 
mean of all variables with the Standard 
(SEM). 
During 
(in %) of a 
average chan 
i ned 
гор f г 
η i ma l s 
•13 ) 
the г 
2 his 
где va 
Но we ve 
t a r t e d 
v a l u e 
a sha 
7, 50 
rea se 
ed to 
у the 
Table 
Error 
di a rrh 
om 7.0 
d i ed 
nd the 
esu 11s 
tog ram 
г i abiI 
r, as 
we о 
of s 
rp dec 
showed 
of the 
the ex 
b i oc 
6.4 sh 
of th 
ea. In 
to 4.0 
(nr. 43 
others 
of the 
s . The 
ity (of 
soon as 
bserved 
ke leta I 
line of 
a more 
P50 of 
tent of 
hemi ca I 
ows the 
e Mean 
early septic shock (t 4, t 5 ) the average changes 
II variables (Table 6.5) were lagging behind the 
ge (in %) of the P50 value of the skeletal muscle 
PO2. In Fig. 6.0 the average change (in %) of several varia­
bles is graphically represented. The average change (in %) of 
Septic shock. 109 
t h e P50 v a l u e o f s k e l e t a l m u s c l e PO2 a t t 4 ( e a r l y s e p t i c 
s h o c k ) c o m p a r e d t o t h e c o n t r o l l e v e I ( t g / 1 1 , t ^ r * 3 ^ d e c r e a s e d 
5 8 . 5 % . I n t h i s e x p e r i m e n t t h e r e was i n i t i a l l y an i n c r e a s e o f 
t h e a r t e n o - v e n o u s PO2 d i f f e r e n c e f o l l o w e d by a d e c r e a s e 
t o g e t h e r w i t h a d e c r e a s e o f a r t e r i a l POg ( T a b l e 6 . 4 ) . 
TABLE 6.3 The P50 va lues d e r i v e d from the c u m u l a t i v e PO2 h i s t o g r a m s of 
s k e l e t a l muscle per animal d u r i n g the s e p t i c e x p e r i m e n t . A l l va lues i n kPa. 
Exp. 
nr . 
CONTROL Infusion of 10 Escherichia coll./kg in 5 hours 
t , — 1 2 t, tr 
ЧСГ 41" 
42 
43 
45 
46 
47 
48 
49 
50 
51 
.3(SD=0 
.0(SD=1 
.6CSD = 1 
.5(SD=2 
.4(SD=1, 
.4(SD=0, 
.1 (SD = 1 , 
.7(SD=4 
4) 
6) 
0) 
9) 
9) 
6) 
3) 
3) 
0.0 
2.8 
3(SD=3.0) 
0.2 
1 .1 
0.9 
0.7 
4.2 
0.1 
0.6 
1 .6 
1 .3 
3.0 
3.6 
4.4 
Mean 
S.D. 
S.E.M 
5.5 
1 .1 
0.4 
2.3 
1 .8 
0.6 
2.2 2.3 
2.2 1.9 
0.7 0.6 
1 .4 
1 .9 
0.6 
1 .6 
1 .3 
0.5 
1 .9 
0.9 
0.3 
1 .5 
1 .4 
0.5 
1.3 2.8 
1 .4 1.9 
0.5 0.7 
1 1 0 Sept i с shock . 
TABLE 6.4 ALL variabLes determined during the septic shock experiment. Septic 
shock was induced by infusion of 10 Escherichia coLi/kg bodyweight. tQ-t3 is 
the control· period. 
VARIABLE 
Mean Art. Blood P r e s s u r e . 
Mean Pulm. Art. BLood Pressure. 
CentraL Ven. BLood Pressure. 
Mean Capillary Wedge Pressure. 
Cardiac Out put. 
Urinary Output . 
Heart Rate. 
Core Tempe rature. 
T h r o m b o c y t e s . 
Leucocytes. 
H e m o g l o b i n Concentration. 
Hematoc rit, 
Arterial POp. 
Arteria l pH. 
Arterial HCO3. 
to 
130 
3.5 
12.4 
1 .1 
2.6 
1 .1 
6.1 
0.5 
4.1 
0.4 
-
-
144 
7.5 
37.3 
0.2 
-
-
-
-
-
-
_ 
-
14.0 
0.2 
7.38 
0.01 
4.8 
0.2 
20.8 
0.4 
CONTROL 
L1 
128 
2.8 
12.2 
1 .0 
2.1 
0.9 
4.7 
0.6 
4.1 
0.3 
5.9 
2.6 
142 
6.6 
37.4 
0.2 
-
-
-
-
-
-
_ 
-
14.2 
0.2 
7.38 
0.01 
4.7 
0.2 
20.3 
0.5 
l2 
132 
2.9 
12.2 
0.8 
2.1 
0.8 
4.0 
0.7 
3.9 
0.3 
4.4 
2.0 
144 
6.0 
37.5 
0.2 
-
-
-
-
-
-
_ 
-
13.2 
0.2 
7.38 
0.01 
4.6 
0.1 
20.0 
0.4 
— ι3 
133 
3.0 
12.2 
1 .1 
1 .9 
0.7 
4.0 
0.7 
3.8 
0.3 
5.0 
2.3 
144 
8.2 
37.6 
0.3 
300 
50.3 
6.3 
1 .4 
8.2 
0.2 
0.42 
0.01 
13.2 
0.3 
7.38 
0.01 
4.4 
0.1 
19.2 
0.6 
г4 
134 
4.0 
11 .3 
1 .1 
1 .1 
0.7 
3.1 
0.5 
3.1 
0.3 
5.0 
2.5 
164 
6.7 
38.1 
0.2 
-
-
_ 
-
-
-
_ 
-
13.4 
0.3 
7.38 
0.01 
4.1 
0.2 
18.3 
0.6 
S e p t i c s h o c k . I l l 
HOCK 
'
г5 
108 
7.8 
8.9 
1.0 
0.7 
0.5 
2.4 
0.5 
2.4 
0.5 
3.1 
1 .9 
164 
3.6 
38.4 
0.2 
208 
40.1 
1 .3 
0.2 
8.2 
0.2 
0.41 
0.01 
12.2 
0.3 
7.32 
0.02 
4.6 
0.2 
17.6 
0.5 
INDUCED by 
tñ 
77 
10.4 
10.6 
1 .1 
0.8 
0.4 
3.4 
1 .1 
2.7 
0.4 
0.3 
0.3 
165 
6.0 
38.7 
0.2 
_ 
-
-
-
-
-
_ 
-
11 .6 
0.5 
7.27 
0.02 
5.0 
0.2 
16.6 
0.5 
INFUSION 
t7 
76.7 
8.0 
10.0 
0.8 
0.7 
0.4 
2.8 
1 .1 
2.7 
0.3 
0.5 
0.4 
174 
3.4 
38.7 
0.2 
137 
19.5 
1.2 
01 
7.9 
0.2 
0.40 
0.08 
11 .5 
0.5 
7.26 
0.02 
5.2 
0. 
16.9 
0.4 
of 10 1 0 
" 's 
83.8 
8.0 
10.2 
1 .0 
0.4 
0.5 
2.2 
0.7 
2.7 
0.3 
0.2 
0.1 
178 
3.4 
38.9 
0.3 
_ 
-
-
-
-
-
-
-
11 .0 
0.5 
7.23 
0.01 
5.3 
0.3 
16.3 
0.6 
L ι «e 
tg 
85.4 
8.5 
10.3 
1 .4 
0.7 
0.8 
1 .9 
1 .0 
2.6 
0.3 
0.5 
0.4 
184 
2.3 
38.1 
0.3 
137 
25.7 
1 .3 
0.1 
8.3 
0.3 
0.42 
0.01 
10.6 
0. 
7.22 
0.02 
5.6 
0.3 
16.4 
0.5 
ESCHERICHIA 
t\Q 
86.4 
9.0 
12.9 
1 .3 
0.0 
0.7 
3.4 
1 .1 
2.5 
0.3 
0.3 
0.2 
180 
8.2 
39.3 
0.3 
_ 
-
-
-
-
-
-
-
9.6 
0.6 
7.18 
0.02 
6.1 
0.3 
16.3 
0.4 
coli / 
'и 
78.8 
7.8 
11 .4 
0.7 
0.2 
0.6 
2.6 
0.8 
2.7 
2.3 
0.3 
0.2 
207 
9.5 
39.4 
0.3 
118 
16.8 
1 .4 
0.1 
8.4 
0.2 
0.43 
0.01 
9.1 
0.4 
7.15 
0.02 
6.4 
0.4 
16.0 
0.4 
kg body 
*12 
66.6 
11 .7 
11 .6 
0.7 
0.0 
0.5 
3.4 
0.6 
2.6 
0.4 
0.5 
0.5 
189 
14.8 
39.8 
0.2 
_ 
-
-
-
_ 
-
_ 
-
9.0 
0.4 
7.13 
0.02 
6.6 
0.4 
15.5 
0.5 
weight in 
h3 
75.1 
13.8 
12.2 
0.8 
-0.5 
0.7 
2.2 
0.7 
2.4 
0.5 
0.4 
0.4 
198 
9.5 
39.0 
0.6 
78 
18.9 
1 .3 
0.2 
7.5 
0.1 
0.38 
0.03 
9.2 
0.7 
7.15 
0.03 
6.3 
0.5 
15.5 
0.6 
5 hours. 
mm Hg . 
+ SEM. 
mm Hg . 
+ SEñ. 
mm Hg . 
+ SEM. 
mm Hg . 
+ SEM. 
L/mι η . 
+ SEM. 
m I /30 min. 
+ SEM. 
beat s/mi η . 
+ SEM. 
С . 
+ SEM. 
10 /L. 
+ SEM. 
10 / ι . 
+ SEM. 
mmo L / ί. 
+ SEM. 
l/l. 
+ SEM. 
кРа. 
+ SEM. 
U n i t s . 
+ SEM. 
кРа. 
+ SEM. 
mmo I / I. 
+ SEM. 
1 1 2 Septic shock . 
TABLE 6.4 ALL va r i a b l e s d e t e r m i n e d during the septic shock e x p e r i m e n t . Septic 
shock was induced by infusion of 10 Escherichia coli/kg b o d y w e i g h t . tQ-tß is 
the cont rol p e r i o d . 
VARIABLE 
Arterial Base E x c e s s . 
M i x e d - V e n o u s P O 2 . 
Mi xed-Venous p H . 
M i x e d - V e n o u s PCO2. 
M i x e d - V e n o u s HCO3". 
M i x e d - V e n o u s Base E x c e s s . 
Lactate 
P y r u v a t e . 
L/P R a t i o . 
G l u c o s e . 
Blood U r e a . 
Blood C r e a t i n i n e . 
Pot ass i um . 
Sodi um . 
P50 Value of Skeletal Muscle PO2 (n=10 0 ) . 
P70 Value of Skeletal Muscle PO2 ( n = 1 0 0 ) . 
t o 
3 . 6 
0 . 4 
8 . 6 
0 . 2 
7 . 3 6 
0 . 0 1 
5 . 1 
0 . 2 
21 .2 
0 . 5 
3 . 6 
0 . 4 
1053 
120 
115 
8 
8 9 . 7 
5 . 8 
6 . 1 
1 .2 
-
-
-
-
_ 
-
-
-
5 . 3 
0 . 4 
1 0 . 6 
0 . 9 
CONTROL 
4 
- 4 . 0 
0 . 4 
8 . 2 
0 . 2 
7 . 3 5 
0 . 0 1 
5 .3 
0 . 2 
21 . 7 
0 . 5 
- 3 . 4 
0 . 4 
936 
80 
114 
8 
81 .5 
4 . 1 
5 . 0 
0 . 5 
-
-
_ 
-
_ 
-
-
-
5 . 1 
1 .1 
9 . 0 
1 .2 
L2 
- 4 . 3 
0 .4 
8 . 0 
0 .2 
7 . 3 6 
0 . 0 1 
5 .0 
0 . 1 
2 1 . 1 
0 .5 
- 3 . 5 
0 .5 
830 
68 
93 
8 
9 0 . 0 
6 . 2 
4 . 6 
0 . 2 
-
-
_ 
-
_ 
-
-
-
6 . 8 
0 . 7 
11 .0 
0 . 6 
— ι 3 
- 4 . 7 
0 . 5 
8 . 0 
0 . 2 
7 . 3 6 
0 . 0 1 
5 . 0 
0 . 1 
2 0 . 8 
0 . 5 
- 4 . 0 
0 . 4 
758 
58 
91 
8 
8 4 . 2 
5 . 1 
4 . 5 
0 . 1 
3 . 4 
0 . 2 
5 5 . 1 
2 . 3 
4 . 3 
0 . 1 
1 4 9 . 1 
1 . 9 
4 . 7 
1 .2 
8 . 0 
1 .1 
и— 
- 5 . 4 
0 . 4 
7 . 5 
0 . 3 
7 . 3 6 
0 . 0 1 
4 . 8 
0 . 2 
2 0 . 1 
0 . 8 
- 4 . 3 
0 . 6 
844 
68 
101 
8 
8 3 . 7 
3 . 7 
4 . 5 
0 . 3 
-
-
_ 
-
_ 
-
_ 
-
3 . 1 
0 . 8 
5 . 2 
1 .3 
Septic s h o c k . 113 
SHOCK INDUCED by 
Lfa 
- 7 . 4 
0 . 7 
6 . 3 
0 . 4 
7 . 2 9 
0 . 0 2 
5 . 4 
0 . 3 
1 9 . 1 
0 . 3 
- 6 . 7 
0 . 6 
1401 
123 
138 
11 
1 0 3 . 8 
11 . 4 
4 . 1 
0 . 2 
3 . 8 
0 . 3 
6 7 . 0 
4 . 5 
4 . 1 
0 . 1 
151 . 0 
2 . 1 
3 . 0 
0 . 9 
l 6 
- 9 . 5 
0 . 6 
7 . 1 
0 . 5 
7 . 2 4 
0 . 0 1 
5 . 9 
0 . 3 
1 8 . 5 
0 . 5 
- 8 . 5 
0 . 5 
1752 
133 
180 
14 
9 7 . 8 
6 . 2 
4 . 3 
0 . 1 
-
-
-
-
-
-
-
-
3 . 0 
0 . 9 
INFUSION o f I O 1 0 L i v e ESCHERICHIA c o l i / 
L 7 
- 9 . 5 
0 . 4 
7 . 4 
0 . 4 
7 . 2 2 
0 . 0 1 
6 . 0 
0 . 3 
1 7 . 9 
0 . 7 
- 9 . 3 
0 . 7 
1784 
117 
199 
11 
8 9 . 3 
3 . 5 
4 . 0 
0 . 2 
4 . 7 
0 . 4 
8 8 . 4 
3 . 8 
4 . 1 
0 . 1 
151 . 8 
2 . 1 
1 . 9 
0 . 8 
l 8 
- 1 0 . 6 
0 . 5 
6 . 6 
0 . 4 
7 . 2 0 
0 . 0 2 
6 . 5 
0 . 3 
1 8 . 1 
0 . 7 
- 1 0 . 1 
0 . 7 
1822 
130 
183 
13 
1 0 0 . 6 
6 . 6 
3 . 4 
0 . 3 
-
-
-
-
-
-
-
-
2 . 1 
0 . 6 
l 9 
- 1 0 . 8 
0 . 7 
6 . 3 
0 . 3 
7 . 1 7 
0 . 0 2 
7 . 1 
0 . 4 
1 8 . 8 
0 . 5 
- 1 0 . 2 
0 . 6 
1683 
130 
168 
8 
1 0 0 . 9 
7 . 3 
2 . 8 
0 . 3 
5 . 1 
0 . 5 
1 0 8 . 7 
6 . 1 
4 . 3 
0 . 2 
1 5 2 . 2 
2 . 4 
2 . 5 
0 . 4 
4 0 
- 1 1 . 1 
0 . 5 
5 . 7 
0 . 3 
7 . 1 4 
0 . 0 2 
7 . 7 
0 . 5 
1 8 . 7 
0 . 6 
- 1 0 . 8 
0 . 5 
1 7 5 8 
116 
161 
6 
1 0 9 . 0 
6 . 6 
2 . 7 
0 . 7 
-
-
-
-
-
-
-
-
2 . 0 
0 . 6 
4 1 
- 1 3 . 6 
0 . 5 
5 . 7 
0 . 3 
7 . 1 0 
0 . 0 2 
8 . 2 
0 . 5 
1 8 . 4 
0 . 3 
- 1 2 . 4 
0 . 6 
1910 
145 
167 
10 
1 1 4 . 4 
6 . 3 
1 .9 
0 . 4 
6 . 4 
0 . 4 
1 2 4 . 8 
7 . 8 
4 . 4 
0 . 2 
1 5 2 . 8 
2 . 2 
1 . 8 
0 . 7 
kg body 
'|2 
- 1 3 . 8 
0 . 5 
5 . 7 
0 . 4 
7 . 0 8 
0 . 0 2 
8 . 6 
0 . 5 
1 8 . 2 
0 . 5 
- 1 2 . 4 
0 . 5 
2423 
299 
182 
18 
1 3 4 . 8 
1 2 . 6 
1 .6 
0 . 5 
-
-
-
-
-
-
_ 
-
3 . 7 
1 . 0 
w e i g h t i n 
*іЗ 
- 1 3 . 1 
0 . 9 
5 . 3 
0 . 6 
7 . 0 6 
0 . 0 3 
8 . 7 
0 . 7 
1 7 . 6 
0 . 7 
- 1 3 . 8 
0 . 8 
2312 
274 
180 
17 
1 2 8 . 0 
7 . 5 
2 . 0 
0 . 7 
6 . 2 
0 . 6 
1 2 9 . 6 
1 3 . 7 
4 . 4 
0 . 4 
151 .9 
2 . 0 
3 . 6 
1 .1 
5 h o u r s . 
mmo ί / L . 
+ SEM. 
к P a . 
+ SEM. 
U n i t s . 
+ SEM. 
k P a . 
+ SEM. 
m m o I / I . 
+ SEM. 
m o l / l . 
+ SEM. 
AJmo I / ί . 
+ SEM. 
mmo L / I . 
+ SEM. 
U n i t s . 
+ SEM. 
mmo L / L . 
+ SEM. 
mmo I /L . 
+ SEM. 
/umol / I . 
+ SEM. 
mmol /L . 
+ SEM. 
m m o l / I . 
+ SEM. 
k P a . 
+ SEM. 
4.9 4.8 4.3 3.6 4.5 3.2 2.5 4.5 4.9 kPa. 
1.0 1.0 1.0 0.7 0.8 0.9 0.7 1.2 1.3 +SEM. 
1 1 4 Sept тс shock . 
T A B L E 6.5 Change τη У. and the S t a n d a r d Error 
of the Mean C S . E . M . ) of the initial 
v a l u e of all v a r i a b l e s d u r i n g septic shock induced by in f u s i o n of 
1 0 1 0 E s c h e r i c h i a coli /kg b o d y w e i g h t d u r i n g 5 h o u r s . 
V A R I A B L E 
Mean A r t . Blood P r e s s u r e . 
Mean P u l m . Art. Blood P r e s s u r e . 
Central V en. Blood P r e s s u r e , 
Mean C a p i l l a r y W e d g e P r e s s u r e . 
Cardiac O u t p u t . 
U r i n a r y O u t p u t . 
Heart R a t e . 
Core T e m p e r a t u r e . 
T h r o m b o c y t e s . 
L e u c o c y t e s . 
H e m o g l o b i n C o n c e n t r a t i o n . 
H e m a t o c π t. 
A r t e r i a l POo 
A r t e r i a l pH. 
Arte r i a l PCO-j 
A r t e r i a l H C O 3 . 
2 . 9 
2 . 9 
8 . 3 
5 . 5 
6 4 . 0 
2 3 . 6 
2 8 . 1 
U . 8 
2 3 . 9 
3 . 9 
U . 9 
4 3 . 1 
1 6 . 1 
7 . 6 
1 . 7 
0 . 3 
_ 
-
-
-
-
-
-
-
•0.8 
2 . 2 
0 . 1 
0 . 0 7 
•11 . 2 
3 . 8 
•8.7 
3 . 5 
- 1 7 . 4 
5 . 5 
- 2 8 . 6 
8 . 4 
- 1 0 0 . 8 
2 7 . 9 
- 4 7 . 5 
1 0 . 4 
- 3 5 . 6 
6 . 5 
- 3 3 . 3 
2 8 . 8 
1 6 . 9 
6 . 7 
2 . 5 
0 . 3 
- 2 4 . 0 
11 .6 
- 7 0 . 0 
7 . 6 
0 . 7 
3 . 0 
- 0 . 8 
3 . 0 
- 9 . 3 
2 . 0 
- 0 . 7 
0 . 2 
0 . 2 
4 . 4 
- 1 2 . 4 
2 . 6 
- 4 1 . 2 
7 . 3 
- 5 . 5 
2 0 . 6 
- 1 1 2 . 7 
2 5 . 3 
- 1 3 . 6 
3 3 . 5 
- 3 3 . 2 
6 . 0 
- 8 8 . 6 
5 . 8 
1 7 . 6 
8 . 1 
3 . 2 
0 . 3 
_ 
-
_ 
-
_ 
-
_ 
-
- 1 4 . 2 
2 . 9 
- 1 . 4 
0 . 2 
7 . 9 
5 . 4 
- 1 7 . 0 
3 . 2 
S e p t i с s h o c k . 11 5 
4 0 4 2 4 3 
•Al .2 
6 . 0 
•13.9 
11 .1 
•85.9 
1 7 . 9 
•38.1 
3 0 . 1 
•31 .4 
5 . 1 
•87.8 
6 . 5 
2 4 . 1 
6 . 9 
3 . 3 
0 . 4 
•40.3 
1 1 . 0 
•71 .2 
6 . 2 
•3.0 
2 . 9 
•4.8 
2 . 8 
•15.3 
3 . 1 
1 .6 
0 . 2 
1 2 . 5 
5 . 4 
1 5 . 8 
2 . 9 
- 3 5 . 8 
5 . 9 
- 1 5 . 2 
6 . 9 
- 6 7 . 6 
2 3 . 8 
- 5 8 . 0 
1 2 . 1 
- 3 3 . 0 
5 . 0 
- 9 3 . 1 
4 . 9 
2 6 . 2 
6 . 3 
3 . 7 
0 . 5 
_ 
-
-
-
-
-
-
-
- 1 9 . 0 
3 . 2 
- 1 . 9 
0 . 2 0 . 
1 4 . 5 
5 . 2 
- 1 5 . 8 
2 . 8 
- 3 4 . 5 
6 . 3 _ 
- 1 7 . 9 
6 . 7 
- 5 8 . 5 
3 9 . 7 
- 7 0 . 0 
1 9 . 7 
- 3 3 . 3 
6 . 9 
- 8 6 . 4 
8 . 0 
2 9 . 8 
6 . 2 
4 . 4 
0 . 6 
- 4 9 . 0 
7 . 7 
- 7 4 . 0 
5 . 2 
4 . 1 
3 . 8 
2 . 0 
3 . 9 
- 2 1 .4 
3 . 3 
- 2 . 1 
0 . 3 
21 . 6 
5 . 6 
- 1 8 . 3 
2 . 4 
- 3 4 . 1 
6 . 4 
0 . 3 
8 . 2 
- 6 5 . 6 
3 7 . 5 
- 3 4 . 4 
1 7 . 1 
- 3 6 . 5 
5 . 8 
- 8 7 . 4 
11 . 9 
2 8 . 3 
9 . 1 
4 . 9 
0 . 6 
-
-
-
-
-
-
-
-
- 2 8 . 8 
4 . 2 
- 2 . 6 
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TABLE 6.5 Change in 7. and the Standard Error 
of the Mean (S.E.M.) of the initial 
value of all variables during septic shock induced by infusion of 
1 0 1 0 Escherichia coli /kg bodyweight during 5 h o u r s . 
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Arterial Base Excess. 
M i x e d - V e n o u s PO2. 
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P y r u v a t e . 
L/P Rat 10. 
G l u c o s e . 
Blood Urea . 
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P50 Value of Skeletal Muscle PO2 (n=100), 
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Figure 6.0 - Change (in X) on the average and the Stan 
error of the mean from the initial value (to-tß) of 
arterial blood pressure, cardiac output, L/P ratio, arte 
venous PO2 difference, and P50 value of skeletal muscle 
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6.3 DISCUSSION 
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and hemato Log i caL variables were Lagging behind the altera­
tion of this P50 value in most ca s e s . 
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CHAPTER 7. 
S K E L E T A L M U S C L E PO2 M E A S U R E M E N T S IN NORMAL HUMAN V O L U N T E E R S . 
7.0 I N T R O D U C T I O N . 
Systermc and Local factors are the cause of h e t e r o g e n e i t y 
in t i s s u e o x y g e n a t i o n (Silver, 1 9 8 1 ) . C o n s e q u e n t l y upper and 
lower limits of skeletal muscle POj m e a s u r e m e n t s may vary 
c o n s i d e r a b l y ( A n s c h u t z , 1 9 6 8 ; K u n z e , 1 9 6 7 ; Ehrly and S c h r o e -
d e r , 1 9 7 7 ; Lund, 1 9 8 1 ; Jussilla et a l . , 1 9 8 0 ) . 
In order to obtain the normal range of the c u m u l a t i v e 
h i s t o g r a m s of skeletal muscle P O 2 , d e t e r m i n e d with the POj 
n e e d l e e l e c t r o d e , skeletal m u s c l e PO2 m e a s u r e m e n t s were 
p e r f o r m e d in 25 healthy human v o l u n t e e r s . 
7.1 M E T H O D . 
The age of the volunteers ranged b e t w e e n 17 and 38 years 
( a v e r a g e : 27.5 y e a r s ) . The m e a s u r i n g site was the middle of 
the upper leg ( vastus lateralis of the q u a d r i c e p s m u s c l e ) 
and a s e m i - u p r i g h t position was used for an optimally relaxed 
c o n d i t i o n . 
The skin was d e s i n f e c t e d with iodine 2% and a local 
a n e s t h e t i c ( C i t a n e s t , 1%) was instilled ι n t r a c u t a n e o u s l y . An 
A b b o c a t h (gauge 18) was inserted just through the f a s c i a , the 
n e e d l e trocar was r e m o v e d , and the plastic sheet was cut off 
half a cm above the skin. This p l a s t i c sheet was used as a 
conduit for the PO2 needle e l e c t r o d e . B e f o r e calibration ( as 
d e s c r i b e d in chapter 4.10; Fig. 4.3) the sterile PO2 needle 
e l e c t r o d e was p o l a r i z e d during 15 m i n u t e s . After insertion of 
the n e e d l e PO2 e l e c t r o d e into the skeletal muscle tissue via 
the plastic s h e e t , the e l e c t r o d e was fixed to a holding 
d e v i c e of a c o m p u t e r i z e d m i c r o m a n i p u l a t o r . It was a s c e r t a i n e d 
that the holding device was in a l i g n m e n t with the plastic 
sheet in order to prevent bending of the needle e l e c t r o d e 
during the w i t h d r a w a l p r o c e d u r e . 
One s k e l e t a l m u s c l e PO2 m e a s u r e m e n t consisted of 100 PO2 
v a l u e s . From each PO2 m e a s u r e m e n t a c u m u l a t i v e PO2 histogram 
was c o n s t r u c t e d and the P50 and P70 v a l u e s were c o m p u t e d . 
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7.2 R E S U L T S . 
No v o l u n t e e r e x p e r i e n c e d the s k e l e t a l m u s c l e PO2 m e a s u r e ­
ment d e t e r m i n e d with this PO2 n e e d l e e l e c t r o d e as p a i n f u l . 
Two v o l u n t e e r s d e v e l o p e d a small i n t r a c u t a n u o u s h e m a t o m a due 
to the i n j e c t i o n of local a n e s t h e s i a . The most d i f f i c u l t task 
for the v o l u n t e e r s was not to move the leg during a period of 
16 m i n u t e s . We once observed bending of the PO2 e l e c t r o d e 
which resulted in very high PO2 v a l u e s . This PO2 m e a s u r e m e n t 
was excluded from this study. We have no e x p l a n a t i o n for this 
p h e n o m e n o n . Table 7.0 shows the results of the P50 values and 
the P70 values derived from the c u m u l a t i v e PO2 h i s t o g r a m s . 
Statistical a n a l y s i s resulted in a mean P50 value of 2.60 
+1.29 kPa (19.43 + 9.6 mm Hg ) and a mean P70 value of 3.86 + 
1.35 kPa (28.95 +10.13 mm H g ) . No significant c o r r e l a t i o n 
could be found between the age and the P50 or the P70 v a l u e . 
TABLE 7.0 The P50 and P70 of 25 muscle PO2 measurements 
at volunteers in the quadriceps muscle. All values in kPa. 
η г . 
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S.E. 
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P50 
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3.2 
3.1 
3.2 
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2.3 
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3.6 
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2.8 
0.9 
1 .3 
2.1 
3.6 
5.7 
2.8 
0.9 
2.8 
0.3 
0.4 
2.6 
1 .3 
0.3 
P70 
5.1 
4.3 
1 .5 
5.1 
4.4 
3.9 
4.5 
2.5 
4.7 
3.5 
4.8 
4.3 
5.7 
4.0 
4.1 
4.7 
1 .7 
2.7 
5.2 
6.4 
4.0 
2.1 
3.7 
1.5 
2.1 
3.7 
1 .2 
0.3 
Sex 
m 
m 
m 
f 
f 
f 
m 
m 
m 
m 
f 
f 
f 
m 
m 
m 
f 
f 
m 
m 
f 
f 
m 
f 
m 
Age 
37 
24 
19 
17 
24 
25 
26 
26 
25 
38 
24 
27 
37 
36 
37 
32 
24 
25 
24 
27 
25 
21 
26 
35 
27 
(yea rs ) 
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In fig. 7.0 all cumulative frequency PO2 histograms of 
skeletal muscle tissue are presented. The interinviduaI d i f ­
ference is reflected in the wide scatter of the cumulative 
PO2 h i s t o g r a m s . 
100 
о 
6 0 
2 0 
10 12 KPa 
7.3 DISCUSSION. 
Skeletal muscle PO2 measurements 
med in different muscles with dif 
(Anschutz, 1968; Kunze, 1967; Eh 
Jussila et a l . , 1980; Lund, 1 9 8 1 ) . 
Ehrly and Schroeder (1977) used 
mi с roe lect rode (tip diameter 2-4 лі) 
ele PO2 in resting tibialis anterior 
P 0 2 value of 3.61 + 0.58 kPa (27. 
(1969) used the same PO2 electrode 
muscle a mean skeletal muscle PO2 0 
6.6 mm H g ) . Lund (1981) studied mu 
brae h i orad ι a I muscle using the Dor 
e l e c t r o d e . He found a mean PO2 of 
in man have been perfor-
ferent types of devices 
rly and Schroeder, 1977; 
a fragile Polarographie 
to measure skeletal m u s -
muscle and found a mean 
1 + 4.35 mm H g ) . Kunze 
and found in the same 
f 5.08 + 0.88 kPa (38.1 + 
scie surface PO2 of the 
tmund Multiwire Surface 
2.09 kPa (15.7 mm H g ) . 
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Breathing oxygen increased the arterial PO2 and scattered 
the muscle PO2 values over a large area, provided the arteri­
al PO2 was above 30 - 35 kPa (225 - 262.5 mm Hg) PO2. Jussila 
et al.(1980) used implanted silastic tubes and found a mean 
muscle PO2 of 4.0 +0.26 kPa (30 + 1.95 mm Hg) in the gastroc­
nemius muscle. 
Generally, our results (mean P50 value = 2.6 + 0.3 kPa) 
are in agreement with the results from glass-insulated Pola­
rographie mi с roe I eet rodes (Ehrly and Schroeder, 1977; Kunze, 
1967) and skeletal muscle surface electrodes (Lund, 1981; 
Kopp, 1981), although our standard deviation is rather high 
(+1.28 k P a ) . This is mainly due to 4 low P50 and P70 values 
(nr.16, 22, 24, 2 5 ) . Differences between several authors are 
probably caused by the different skeletal muscles studied and 
by the use of different types of devices. 
7.4 SUMMARY. 
Skeletal muscle PO2 was determined with a Polarographie 
PO2 needle electrode in 25 human volunteers. This study 
showed that skeletal muscle PO2 can be obtained without 
serious complications. Using the described mobile unit (chap­
ter 4.11) approach to the measurement site was without 
problems. We found a mean P50 value of 2.6 + 0.3 kPa in the 
quadriceps musculature. 
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SUMMARY AND C O N C L U S I O N S . 
Initiating treatment for h e m o r r h a g i c shock and septic 
shock as early as poss i b l e may reduce the mortality and the 
m o r b i d i t y . T h e r e f o r e r e c o g n i t i o n of shock in an early stage 
is very i m p o r t a n t . This thesis concerns the detection of 
early h e m o r r h a g i c and septic shock by skeletal muscle PO2 
a s s e s s m e n t . Since shock can be defined as " a deficient 
d e l i v e r y of oxygen to the tissues due to a dist u r b a n c e in the 
m a c r o - and/or in the m i c r o c i r c u l a t i o n " , direct measurement of 
the oxygen partial p r e s s u r e in tissue could provide earlier 
vital i n f o r m a t i o n . The aims of this study a r e : 
1) To develop a PO2 needle e l e c t r o d e suitable for clinical 
a p p l i c a t i o n and to develop a method for bedside tissue 
PO2 m e a s u r e m e n t . 
2) To study the course of skeletal muscle PO2 in e x p e r i -
mental h e m o r r h a g i c shock and to in v e s t i g a t e whether or 
not skeletal muscle P O 2 , as compared to c a r d i o r e s p i -
ratory, blood g a s , b i o c h e m i c a l and hemato l o g i c a l v a r i a -
b l e s , may serve as a sens i t i v e indicator of early 
h e m o r r h a g i c s h o c k . 
3) To study the course of skeletal muscle PO2 in e x p e r i -
mental septic shock and to inve s t i g a t e whether or not 
the skeletal muscle P O 2 , as compared to c a r d i o r e s p i -
ratory, blood g a s , b i o c h e m i c a l and hemato l o g i c a l v a r i a -
b l e s , may serve as a sensitive indicator of early 
septic s h o c k . 
Chapter 1 e m p h a s i z e s the important role of oxygen partial 
p r e s s u r e in tissue for the re c o g n i t i o n of early hemorrhagic 
and septic s h o c k . In shock inadequate tissue perfusion occurs 
first in the non - v i t a l tissues (e.g., skeletal muscle t i s -
s u e ) , which means that detection of early hemorrhagic and 
septic shock couLd be done by skeletal muscle PO2 a s s e s s m e n t . 
G e n e r a l l y , the following factors and systems are involved in 
tissue o x y g e n a t i o n . 
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1 ) F I O 2 and v e n t i l a t i o n ; 
2) Oxygen e x c h a n g e through the a l veo lo-capiLlary m e m b r a n e ; 
3) Oxygen carrying capacity of blood; 
4) Macrocirculation; 
5) Microcirculation; 
6) Tissue oxygen c o n s u m p t i o n . 
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C l i m c a l detection of early hemorrhagic and septic shock 
based on the assessment of c a r d i o r e s p i r a t o r y f u n c t i o n . 
ter 2 deals with these c a r d i o r e s p i r a t o r y v a r i a b l e s . A 
er of v a r i a b l e s are easily determined (e.g., cuff blood 
sure, Hb, Het, arterial blood gas v a l u e s ) but have little 
о value to detect early h e m o r r h a g i c or septic s h o c k . An-
r number of variables require too much time to be d e t e r -
d, causing a delay between onset of measurement and final 
It. A third number of variables (e.g., cardiac output, 
ral venous blood p r e s s u r e , m i x e d - v e n o u s blood gas v a l u e s , 
d-venous lactate and p y r u v a t e , pulmonary arterial blood 
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u l m o n a r y c a p i l l a r y wedge p r e s s u r e ) play a more 
ole to detect early h e m o r r h a g i c and septic s h o c k , 
invasive v a s c u l a r c a t h e t e r i z a t i o n . These last 
Low the c a l c u l a t i o n of several other c a r d i o r e s p i -
bles (e.g., total v a s c u l a r r e s i s t a n c e , p u l m o n a r y 
i s t a n c e , total oxygen s u p p l y , total oxygen c o n -
Total v a s c u l a r resistance does not provide i n f o r -
h can be helpful to detect early h e m o r r h a g i c or 
P u l m o n a r y vascular r e s i s t a n c e is increased in 
a g e , e s p e c i a l l y in septic s h o c k . H o w e v e r , this 
mostly d e t e r m i n e d when p u l m o n a r y function is 
n o r a t e d . Total oxygen supply r e f l e c t s an o v e r a l l 
t as soon as shock is i n v o l v e d , r e d i s t r i b u t i o n or 
ion of the cardiac output may o c c u r , c o m p r o m i s i n g 
al t i s s u e s (e.g., skeletal m u s c l e ) while total 
gen supply is still within n o r m a l limits. Total 
u m p t i o n does not p r o v i d e i n f o r m a t i o n about the 
o x y g e n a t i o n of the n o n - v i t a l t i s s u e s during re-
or m a l d i s t r i b u t i o n of the cardiac o u t p u t . The 
s PO2 (Ρνθ2) is the only v a r i a b l e related to an 
tal oxygen supply or i n c r e a s e of total oxygen 
T h e r e f o r e this v a r i a b l e may be considered as an 
the a d e q u a c y of tissue o x y g e n a t i o n , provided the 
on is i n t a c t . 
a s s e s s m e n t of the adequacy of tissue o x y g e n a t i o n 
h e m o r r h a g i c and septic s h o c k , e s p e c i a l l y of one 
t tissues c o m p r o m i s e d (e.g., skeletal m u s c l e ) , 
ssible to c l i n i c a l l y detect e a r l y h e m o r r h a g i c and 
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n e e d l e and the s u r f a c e PO2 e l e c t r o d e . The m u l t i - w i r e s u r f a c e 
PO2 e l e c t r o d e is too i n v a s i v e for the p a t i e n t b e c a u s e it 
r e q u i r e s a f a s c i o t o m y . In our o p i n i o n the use of a P o l a r o g r a ­
phie PO2 n e e d l e e l e c t r o d e is the most s u i t a b l e m e t h o d for 
c l i n i c a l m e a s u r e m e n t of t i s s u e P O 2 . 
Chapter 4 c o n c e r n s the b i p o l a r ( s t a i n l e s s s t e e l ) P o l a r o ­
g r a p h i e PO2 n e e d l e e l e c t r o d e . G e n e r a l a s p e c t s of the ideal 
tissue PO2 n e e d l e e l e c t r o d e are d i s c u s s e d . V a r i o u s c h a r a c t e ­
ristics of the b i p o l a r P o l a r o g r a p h i e PO2 n e e d l e e l e c t r o d e are 
p r e s e n t e d . Since t i s s u e d a m a g e is i n e v i t a b l e using a PO2 
n e e d l e e l e c t r o d e , the stab c h a n n e l in s k e l e t a l m u s c l e t i s s u e 
was s t u d i e d m i c r o s c o p i c a l l y . A c a l i b r a t i o n unit has been 
c o n s t r u c t e d for b e d s i d e c a l i b r a t i o n of the PO2 n e e d l e e l e c ­
t r o d e . In order to f a c i l i t a t e b e d s i d e s k e l e t a l m u s c l e PO2 
m e a s u r e m e n t , a m o b i l e unit was d e v e l o p e d . The m ι с r o c o m p u t e -
n z e d (Apple II, 4 8 k ) e l e c t r o n i c unit as well as the p r o c e ­
dure of the t i s s u e PO2 m e a s u r e m e n t are p r e s e n t e d . A c o m p u t e r 
p r o g r a m was d e v e l o p e d to c o n s t r u c t a c u m u l a t i v e PO2 h i s t o g r a m 
and to d e r i v e the c o r r e s p o n d i n g P50 and P70 v a l u e . These 
results are a v a i l a b l e within s e c o n d s after the PO2 m e a s u r e ­
m e n t . 
Chapter 5 d e a l s with a graded h e m o r r h a g i c h y p o v o l e m i c 
s h o c k . In this e x p e r i m e n t sp l enee torn ι zed L a b r a d o r dogs were 
s u b j e c t e d to four t i m e s a h e m o r r h a g e of 7 m l / k g body w e i g h t . 
Every t h i r t y m i n u t e s c a r d i o r e s p i r a t o r y v a r i a b l e s were d e t e r ­
mined and s k e l e t a l m u s c l e PO2 was m e a s u r e d . When compared to 
h e m o d y n a m i c , blood g a s , b i o c h e m i c a l and h e m a t o l o g i c a l v a r i a ­
b l e s , a shift to the left of the c u m u l a t i v e PO2 h i s t o g r a m of 
s k e l e t a l m u s c l e t i s s u e was the e a r l i e s t and most s e n s i t i v e 
i n d i c a t o r of an impaired o x y g e n a t i o n of a n o n - v i t a l o r g a n . 
The mean a r t e r i a l blood p r e s s u r e and the mean of the P50 
v a l u e s of s k e l e t a l m u s c l e PO2 w e r e , r e s p e c t i v e l y , d u r i n g the 
control p e r i o d 151.6 mm Hg and 5.0 kPa (37.5 mm H g ) , during 
early h e m o r r h a g i c h y p o v o l e m i a 143 mm Hg and 3.2 kPa (24.5 mm 
H g ) , and d u r i n g h e m o r r h a g i c h y p o v o l e m i c shock 89 mm Hg and 
0.9 kPa (6.7 mm H g ) . 
From these e x p e r i m e n t s it may be c o n c l u d e d that the use 
of this P o l a r o g r a p h i e b i p o l a r PO2 n e e d l e e l e c t r o d e a l l o w s 
d e t e c t i o n of early h e m o r r h a g i c h y p o v o l e m i c shock in most 
c a s e s . 
In c h a p t e r 6 a septic shock e x p e r i m e n t is d e s c r i b e d . This 
e x p e r i m e n t was p e r f o r m e d to c o m p a r e s k e l e t a l m u s c l e P O 2 , 
d e t e r m i n e d with a PO2 n e e d l e e l e c t r o d e , with the c l a s s i c a l 
h e m o d y n a m i c , blood g a s , b i o c h e m i c a l and h e m a t o l o g i c a l v a n a -
1 3 0 Summary and c o n c l u s i o n s . 
S e p t i c s h o c k was i n d u c e d i n s p l e n e e torn i zed L a b r a d o r 
by a c o n t i n u o u s i n f u s i o n o f 10 L i v e E s c h e r i c h i a c o l i 
b l e s . 
dogs 
per kg body weight during a 5-hour p e r i o d . Every 30 m i n u t e s 
h e m o d y n a m i c , h e m a t o l o g i c a l , blood gas and b i o c h e m i c a l v a r i a ­
b l e s , as well as s k e l e t a l m u s c l e POg were d e t e r m i n e d . 
Compared to the control level the a v e r a g e change (in %) 
of all v a r i a b l e s was c a l c u l a t e d . C u m u l a t i v e PO2 h i s t o g r a m s 
of s k e l e t a l muscle were c o n s t r u c t e d and the P50 values of 
these h i s t o g r a m s were c o m p u t e d . Thirty m i n u t e s after the 
onset of a live E s c h e r i c h i a coli i n f u s i o n the change (in % ) 
of the P50 value was - 5 8 . 5 % , while the c l a s s i c a l v a r i a b l e s , 
e.g., mean a r t e r i a l blood p r e s s u r e , cardiac o u t p u t , a r t e r i a l 
P O 2 / mixed venous lactate c o n c e n t r a t i o n , changed by r e s ­
p e c t i v e l y : +2.9%, - 2 3 . 9 % , - 0 . 8 % , - 4 . 0 % . The marked d e c l i n e 
of the P50 value of the ske l e t a l m u s c l e PO2 m e a s u r e m e n t could 
not be e x p l a i n e d by the a l t e r a t i o n s of the c a r d i o r e s p i r a t o r y 
v a r i a b l e s . An a d d i t i o n a l i n c r e a s e of c e l l u l a r m e t a b o l i s m is 
p r o b a b l y i ηvo l ved. 
In c o n c l u s i o n , s k e l e t a l m u s c l e PO2 a s s e s s m e n t by a P o l a ­
r o g r a p h i e PO2 n e e d l e e l e c t r o d e a l l o w s a d e t e c t i o n of e x p e r i ­
m e n t a l septic shock in an early stage in most c a s e s . 
The last chapter (7) c o n c e r n s s k e l e t a l PO2 m e a s u r e m e n t s 
in human v o l u n t e e r s in order to o b t a i n the normal range of 
s k e l e t a l m u s c l e PO2 in the q u a d r i c e p s m u s c u l a t u r e . A mean P50 
value of 2.6 + 0.3 kPa and a mean P70 value of 3.7 + 0.3 were 
f o u n d . These m e a s u r e m e n t s showed that the P o l a r o g r a p h i e PO2 
need l e e l e c t r o d e p e r m i t s s k e l e t a l m u s c l e PO2 m e a s u r e m e n t s in 
human beings without s e r i o u s c o m p l i c a t i o n s . 
In g e n e r a l it may be c o n c l u d e d : 
1) A b i p o l a r P o l a r o g r a p h i e PO2 n e e d l e e l e c t r o d e is a 
s u i t a b l e d e v i c e to m e a s u r e s k e l e t a l m u s c l e P O 2 ; 
2) The c u m u l a t i v e PO2 h i s t o g r a m is p r e f e r r e d to a mean 
t i s s u e PO2 value or PO2 h i s t o g r a m b e c a u s e it a l l o w s 
c o m p u t i n g a P50 value and other Ρ v a l u e s p r o v i d i n g a 
value which r e f l e c t s t i s s u e o x y g e n a t i o n more c l o s e l y ; 
3) S k e l e t a l m u s c l e PO2 a s s e s s m e n t a l l o w s d e t e c t i o n of 
e x p e r i m e n t a l h e m o r r h a g i c and septic shock in an early 
stage in most c a s e s . 
F u r t h e r m o r e , clinical s k e l e t a l m u s c l e PO2 m e a s u r e m e n t s are 
now p o s s i b l e and may be h e l p f u l in the fut u r e to i n i t i a t e 
t r e a t m e n t for h e m o r r h a g i c and septic shock in an early s t a g e . 
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SAMENVATTING EN CONCLUSIES. 
Het i n s t e l l e n van de b e h a n d e l i n g voor een h e m o r r h a g ι s che 
shock zowel als voor een s e p t i s c h e shock b e ï n v l o e d t de m o r t a -
liteit en de morbi di t e i t . Daarom is h e r k e n n i n g van deze beide 
shock typen in een vroeg stadium zeer b e l a n g r i j k . Dit p r o e f -
schrift gaat over het o p s p o r e n van een vroeg h e m o г r h a g ι s che 
en s e p t i s c h e s h o c k . Omdat shock g e d e f i n i e e r d kan w o r d e n als " 
een d e f i c i e n t e zuurstof v o o r z i e n i n g in de w e e f s e l s v e r o o r ­
zaakt door een s t o o r n i s in de m a c r o - e n / o f in de m ι с roc ι reu la-
t i e " kan m i s s c h i e n d i r e c t e m e t i n g van de p a r t i e l e zuurstof 
spanning in w e e f s e l een vroege v i t a l e i n f o r m a t i e g e v e n . De 
opzet van d e z e s t u d i e is: 
1) Het o n t w i k k e l e n van een PO2 naald e l e c t r o d e die geschikt 
is voor k l i n i s c h e t o e p a s s i n g en het o n t w i k k e l e n van een 
m e t h o d e om weefsel PO2 te m e t e n aan het z i e k b e d . 
2) Het b e s t u d e r e n van het beloop van de skelet spier PO2 in 
een e x p e r i m e n t e e l h e m o г r h a g ι s che shock model en te - o n ­
d e r z o e k e n of de skelet spier PO2 kan d i e n e n als een 
g e v o e l i g e i n d i c a t o r voor een vroeg h e m o г r h a g ι s che shock 
dit in v e r g e l i j k i n g met c a r d i o r e s p i r a t o i r e , bloed g a s , 
b i o c h e m i s c h e en hema to log ι s che v a n a b e l e n . 
3) Het b e s t u d e r e n van het b e l o o p van de skelet spier PO2 in 
een e x p e r i m e n t e e l septisch shock model en te o n d e r z o e k e n 
of de skelet spier PO2 kan d i e n e n als een g e v o e l i g e 
i n d i c a t o r voor een vroeg s e p t i s c h e shock dit in v e r g e ­
lijking met c a r d i o r e s p i r a t o i r e , bloed g a s , b i o c h e m i s c h e 
en hema to log ι s che v a n a b e l e n . 
In h o o f s t u k 1 wordt de nadruk gelegd op de b e l a n g r i j k e 
rol die de p a r t i e l e zuurstof s p a n n i n g in w e e f s e l s speelt bij 
het h e r k e n n e n van een vroeg h e m o г r h a g ι s с he en s e p t i s c h e 
s h o c k . O n v o l d o e n d e weefsel d o o r b l o e d i n g in shock komt a l l e r ­
eerst voor in de m e t - v i t a l e w e e f s e l s (b.v. skelet spier 
w e e f s e l ) , h e t g e e n betekent dat een vroeg h e m o г r h a g ι s che en 
s e p t i s c h e shock door een skelet spier PO2 m e t i n g o p g e s p o o r d 
zou kunnen w o r d e n . In het a l g e m e e n zijn o n d e r s t a a n d e factoren 
en s y s t e m e n b e t r o k k e n bij de w e e f s e l o x y g e n a t i e : 
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1) FIO2 en v e n t i L a t i e van de L o n g e n ; 
2 ) Z u u r s t o f u i t w i s s e l i n g v i a de a l v e o l o - c a p i 11 a i r e mem­
b r a a n ; 
3 ) Z u u r s t o f o p s l a g v e r m o g e n van h e t b l o e d ; 
4) M a c r o c i r c u l a t i e ; 
5) M i c r o c i r c u l a t i e ; 
6) Zuurstof verbruik door de w e e f s e l s . 
De FIO2/ ventilatie van de longen en de zuurstof uitwisseling 
via de a l veolo-capi11a i re membraan worden hier verder niet 
be s p r o k e n . Het zuurstof opslag vermogen van het bloed wordt 
bepaald door de zuurstof verzadiging van het hemoglobine, het 
zuurstof bindend vermogen van bloed en de hemoglobine concen­
tratie. Ondanks vele veronderstellingen en vereenvoudigingen 
is de Krogh-Erlang vergelijking een hulp om een inzicht te 
krijgen in de factoren die een rol spelen bij de zuurstof 
verdeling in een eenvoudig capillair bed. Er wordt ui t e e n g e ­
zet waarom de oxygenatie van een orgaan beter kan worden 
uitgedrukt in een cumulatief PO2 histogram dan in een gemid­
delde PO2 waarde of een gewoon PO2 histogram. Tevens wordt er 
uiteengezet waarom skeletspier weefsel de voorkeur verdient 
bij de keuze van de plaats voor een weefsel PO2 meting om 
zodoende een vroeg hemorrhagi s с he en septische shock op te 
sporen. Aangezien de skelet spier PO2 zo belangrijk is voor 
het op sporen van een vroeg hemoгrhagi s che en septische 
shock, worden de verschillende intrinsieke en extrinsieke 
soorten van b loedvooг ζ i en ing van de skelet spier in het kort 
besproken evenals de regulatoire controle mechanismen van 
deze b loedvoor ζ i en ing (neurogeen, hormonaal en autoregula-
t ie) . 
In hoofdstuk 2 wordt de klinische herkenning van een 
vroeg hemoгrhagi s с he en septische shock besproken, die berust 
op de bepaling en evaluatie van de cardi orespira to i re varia­
belen. Een aantal van deze variabelen worden gemakkelijk 
bepaald (b.v. manchet bloeddruk meting, Hb, Het, arteriele 
bloedgas w a a r d e n ) , maar hebben weinig of geen waarde voor de 
opsporing van een vroeg hemoгrhagi s с he en septische shock. 
Een aantal andere variabelen kost te veel tijd om bepaald te 
worden waardoor een te lang tijdsverloop ontstaat tussen het 
begin van de meting en het uiteindelijke resultaat. Een derde 
groep variabelen (b.v. hart minuut v o l u m e , centraal veneuze 
bloeddruk, gemengd-veneuze laktaat en pyruvaat concentratie, 
bloeddruk in de arteria pulmonalis, de pulmonale capillaire 
w i g g e d r u k ) spelen een belangrijke rol bij het opsporen van 
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een vroeg hemorrhagι s che en septische shock, maar dan moet 
men weL een invasieve ι ntra vas cu Lai re catheterι sa11 e doen. 
Wel maken deze vanabelen het mogelijk om een aantal andere 
cardiorespiratoire vanabelen te berekenen (b.v. de totale 
vaat weerstand, de vaat weerstand in de arteria pulmonalis, de 
totale zuurstof voorziening, het totale zuurstof verbruik). 
De totale vaat weerstand geeft echter geen informatie die kan 
helpen om een vroeg hemoгrhagι s с he en septische shock op te 
sporen. De vaat weerst and in de arteria pulmonalis is verhoogd 
in een vroeg shock stadium, vooral bij septische shock. 
Echter deze variabele wordt meestal bepaald als de longfunc­
tie reeds afwijkend is. De totale zuurstof voorziening is een 
weerspiegeling van algemene functies, maar zodra er sprake is 
van shock kan een herverdeling of slechte verdeling van het 
hart minuut volume plaats vinden waardoor de met-vitale 
weefsels (b.v. skelet spier weefsel) worden bedreigd terwijl 
de totale zuurstof voorziening nog binnen de norm ligt. Deze 
variabele geeft dus geen informatie of de oxygenatie van de 
met-vitale weefsels voldoende dan wel onvoldoende is gedu­
rende een herverdeling of slechte verdeling van het hart 
minuut volume. De e m g e variabele die gerelateerd is aan een 
verstoorde zuurstof voorziening of toename van de zuurstof 
consumptie in de weefsels is de gemengd-veneuze PO2 waarde. 
Daarom wordt deze variabele beschouwd als een indicator of de 
weefsels voldoende dan wel onvoldoende zijn geoxygeneerd, 
mits de va soregu l a11 e intact is. 
Het direct meten en evalueren of de weefsels voldoende 
zijn geoxygeneerd gedurende een vroeg hemoгrhagι s с he en sep­
tische shock, speciaal de eerst bedreigde weefsels (b.v. 
skelet spier weefsel), stelt ons in staat om een vroeg hemor-
rhagische en septische shock op te sporen. 
Er zijn verschillende methoden ontwikkeld om de weefsel 
PO2 klinisch te meten (Hoofdstuk 3 ) . Het inbrengen van een 
hoeveelheid gas in het weefsel en na een bepaalde tijd een 
gasmonster hiervan nemen is m e t geschikt om klinisch een 
vroeg hemoгrhag1 s che en septische shock vast te stellen, 
omdat dit te lang duurt (6 u u r ) . De tonometnsche methode met 
gebruikmaking van een po l a rografι s che zuurstof bepaling of 
massa spe et rog ra f 1 s che zuurstof bepaling is te traumatisch 
omdat een silicone rubber slangetje moet worden ingebracht in 
het weefsel; tevens levert het een gemiddelde PO2 waarde op. 
Voor de tonometnsche methode met gebruikmaking van massa 
spectrograf1 e heeft men dure apparatuur nodig. Het gebruik 
van radio-actief zuurstof is beperkt tot centra met een 
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c y c l o t r o n en de p r a k t i s c h e waarde is nog m e t b e w e z e n . De 
d i r e c t e poLa rog rai ι sc he zuurstof b e p a l i n g is aLom g e a c c e p ­
t e e r d . Twee v e r s c h ι L L e n d e typen poLa rografι s che PO2 e L e c t r o -
den zijn o n t w i k k e l d om de PO2 te meten in w e e f s e l . De o p p e r ­
v l a k t e e l e c t r o d e en de naald e l e c t r o d e . De "multi wire s u r ­
f a c e " PO2 e l e c t r o d e is voor de patient te invasief omdat er 
een f a s c i o t o m i e moet worden g e d a a n . Volgens ons is een p o l a -
r o g r a f i s c h e PO2 naald e l e c t r o d e het meest geschikt voor het 
k l i n i s c h e meten van de weefsel P O 2 . 
H o o f d s t u k 4 gaat over de b i p o l a i r e ( r o e s t v n j s t a a l ) 
po l a r o g r a f ι sehe PO2 naald e l e c t r o d e . A l g e m e n e aspecten om­
trent de ideale weefsel PO2 naald e l e c t r o d e worden b e s p r o k e n . 
We laten v e r s c h i l l e n d e e i g e n s c h a p p e n van onze o n t w i k k e l d e 
po l a rografι s с he PO2 naald e l e c t r o d e zien. Omdat w e e f s e l b e ­
s c h a d i g i n g bi] het gebruik van een PO2 naald electrode o n v e r ­
m i j d e l i j k i s , werd het steek kanaal in skelet spier weefsel 
m i c r o s c o p i s c h o n d e r z o c h t . Om het ijken van de PO2 naald 
e l e c t r o d e aan het bed te v e r g e m a k k e l i j k e n werd een ijkeenheid 
g e c o n s t r u e e r d . Er werd een m o b i e l e u m t o n t w i k k e l d om skelet 
spier PO2 m e t i n g e n aan het bed te v e r g e m a k k e l i j k e n . Zowel de 
g e c o m p u t e r i s e e r d e (Apple II, 4 8 k ) e l e c t r o m s c h e u m t als ook 
de p r o c e d u r e van de weefsel PO2 worden t o e g e l i c h t . Er werd 
een c o m p u t e r p r o g r a m m a o n t w i k k e l d om een c u m u l a t i e f PO2 h i s ­
togram te tekenen en de d a a r b i j b e h o r e n d e P50 en P70 waarden 
te b e r e k e n e n . De r e s u l t a t e n hiervan zijn binnen enkele s e c o n ­
den b e s c h i k b a a r . 
H o o f d s t u k 5 gaat over een s t a p s g e w i j z e h e m o r r h a g ι s с he 
hypovo lem 1 sehe s h o c k . In dit e x p e r i m e n t worden Labrador h o n ­
d e n , w a a r b i j de milt is v e r w i j d e r d , 4 maal o n d e r w o r p e n aan 
een b l o e d i n g van 7 ml/kg L i c h a a m s g e w i c h t . ledere 30 m i n u t e n 
w e r d e n c a r d i o r e s p i r a t o i r e v a n a b e l e n bepaald en de skelet 
spier PO2 m e t i n g e n v e r r i c h t . In v e r g e l i j k i n g met deze v a r i a ­
belen was een links v e r s c h u i v i n g van het c u m u l a t i e f PO2 h i s ­
togram van de skelet spier de v r o e g s t e en de g e v o e l i g s t e 
i n d i c a t o r voor een s t o o r n i s in de o x y g e n a t i e van m e t - v i t a a l 
w e e f s e l . De g e m i d d e l d e a r t e n e l e b l o e d d r u k en het g e m i d d e l d e 
van de P50 w a a r d e n waren r e s p e c t i e v e l i j k , g e d u r e n d e de c o n ­
trole p e r i o d e 151.6 mmHg en 5.0 kPa C37.5 m m H g ) ; g e d u r e n d e 
vroeg h e m o г r h a g ι se he hypovo lem ι s с he shock 143 mm Hg en 3.2 
kPa (24.5 mm H g ) ; g e d u r e n d e h e m o r r h a g ι s с he hypovolem ι s с he 
shock 89 mm Hg en 0.9 kPa (6.7 mm H g ) . 
Uit deze e x p e r i m e n t e n kan g e c o n c l u d e e r d worden dat het 
g e b r u i k van deze b i p o l a i r e po l a r o g r a f ι sehe PO2 naald e l e c t r o ­
de in de m e e s t e g e v a l l e n ons in staat stelt om een e x p e n m e n -
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tele hemoгrhagι s с he hypovoLerm s che shock op te sporen in een 
vroeg stadium. 
In hoofdstuk 6 wordt een septisch experiment beschreven. 
Dit experiment werd gedaan om het beLoop van de skelet spier 
PO2, gemeten met een po la rografι s che PO2 naald electrode , te 
vergelijken met het beloop van de klassieke cardι orespirat ο ι-
re, bloed gas, biochemische en hemato log ι s che variabelen. 
Septische shock werd geïnduceerd bij Labrador honden, waar de 
milt van was verwijderd, door een continue infusie van 
1 0 1 0 levende Escherichia coli / kg lichaamsgewicht gedurende 
5 uur. Iedere 30 minuten werden deze vanabelen bepaald en er 
werd een skelet spier PO2 meting verricht. De gemiddelde 
verandering (in %) in vergelijking met de uitgangswaarde van 
alle vanabelen werd berekend. Cumulatieve PO2 histogrammen 
van de skelet spier werden gemaakt en de daarby behorende P50 
en P70 waarden werden berekend. 30 minuten na het begin van 
de infusie van de levende Escherichia coli was de gemiddelde 
verandering (in %) van de P50 waarde -58.5 %, terwijl de 
gemiddelde bloeddruk +2.9% was veranderd, de a r t e n e l e PO2 
-0.8% en de gemengd-veneuze laktaat concentratie -0.4%. De 
uitgesproken daling van de P50 waarde van de skelet spier PO2 
meting kon m e t alleen verklaard worden door de veranderingen 
in de cardι o respι rat οι re variabelen. Mogelijk is er een extra 
toename van het cellulair metabolisme in het spel. 
Als conclusie uit deze experimenten kunnen we zeggen dat 
een skelet spier PO2 meting met de po la rografι se he PO2 naald 
electrode in de meeste gevallen het mogelijk maakt een- expe­
rimentele septiche shock op te sporen in een vroeg stadium. 
Het laatste hoofdstuk (7) behandelt de skelet spier PO2 
meting bij vrijwilligers dit om een normaal waarde te ver­
krijgen van de quadriceps musculatuur. Er werd een gemiddelde 
P50 waarde gevonden van 2.6 + 0.3 kPa en een P70 waarde van 
3.7 + 0.3 kPa. Deze metingen Laten zien dat een bipolaire 
po la rografι s che PO2 naald electrode skelet spier PO2 bepa­
lingen mogelijk maakt zonder ernstige complicaties. 
Als algemene conclusie kunnen we stellen: 
Een bipolaire po la rografι s с he PO2 naald electrode is een 
geschikt instrument om skelet spier PO2 metingen te 
doen; 
Een cumulatief PO2 histogram is te verkiezen boven een 
gemiddelde PO2 waarde of een gewoon PO2 histogram, omdat 
dit de berekening van een P50 waarde en andere Ρ waarden 
mogelijk maakt waarmee de weefsel oxygenatie beter wordt 
uitgedrukt . 
1 ) 
2) 
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3 ) Het m e t e n van de skelet spier PO2 m a a k t het in de m e e s t e 
g e v a L L e n m o g e L i j k om een e x p e r i m e n t e l e h e m o r r h a g i s che en 
s e p t i s c h e shock op te sporen in een vroeg s t a d i u m . 
T e v e n s is het nu m o g e l i j k om k l i n i s c h skelet spier PO2 m e t i n -
gen te d o e n , die m o g e l i j k kunnen b i j d r a g e n tot een v r o e g e 
b e h a n d e l i n g van een h e m o r r h a g i s che en s e p t i s c h e s h o c k . 
REFERENCES 
137 
Aarnoudse, J.6.: Oxygen tension in the fetus. Continuous measurement of 
fetal subcutaneous P02 with a needle electrode. An experimental and 
clinical investigation. Thesis, Groningen, 1980. 
Abramson, D.I. In: Circulation in the Extremeties. Chapter 7. Academic 
Press, New York and London, 1967. 
Adachi, H.,Strauss, H.U.,0chi, H.,Wagner, Jr.H.N.: The effect of hypoxia 
on the regional distribution of cardiac output in the dog. Circ. Res. 
39: 314-319, 1976. 
Adiseshiah, M., Baird, R.J.: Correlation of the changes in diastolic 
myocardial tissue pressure and regional coronary blood flow in hemor­
rhagic and endotoxic shock. J. Surg. Res. 24: 20-25, 1978. 
Anschutz, F. : Oxygen supply to the musculature under normal and patho­
logical condition. In: Oxygen transport in blood and tissue, eds. D.U. 
Lubbers, U.C.Luft, G.Thews, E.Witzleb. Georg Thieme Verlag. Stuttgart. 
pp. 209-211, 1968. 
Baek, S., Makabali, G. G., Bryan-Brown, C U . , Kusek, J.M., Shoemaker, 
W.C.: Inadequacy of high central venous pressure as a guide to volume 
therapy. Surg. Forum, 24:14-16, 1973. 
Ballinger, W.F., Rutherford, R.B., Zuidema, G.D..: The Management of 
Trauma, U.B. Saunders Company, Philadelphia and London, 1968. 
Bauer, C.X.: Antagonistic influence of C02 and 2,3-dιphosphoglyce rat e on 
the Bohr effect of human hemoglobin. Life Sci. 8:1041-1046, 1969. 
Baumgärtl, H., Lubbers, D.U.: Platinum needle electrode for Polarographie 
measurement of oxygen and hydrogen. In: Oxygen Supply, M. Kessler, D.F. 
Bruley, L.C. Clark Jr., D.U. Lubbers, I.A. Silver, J. Strauss, eds. 
Urban and Schwarzenberg, pp. 130-136, 1973. 
Beneken Kolmer, H.H., Kreuzer, F.: Continuous Polarographie recording of 
oxygen of oxygen pressure in respiratory air. Respir. Physiol. 4:246-
254, 1968. 
Benesch, R., Benesch, R.E.: The effect of organic phosphates from human 
erythrocyte on the allosteric properties of hemoglobin. Biochem. 
Biophys. Res. Comm. 26:162-167, 1967. 
Bergentz, S.E., Carlsten, Α., Gelin, L.E., Kreps, J.: "Hidden acidosis" in 
experimental shock. Ann. Surg. 169:227-232, 1969. 
Berk, J.L.: Monitoring the patient in shock. Surg. Clin. North Am. 55: 
713-720, 1975. 
Sicher, H.I., K m s e l y , M.H.: Brain tissue reoxygenatι on time, demonstrated 
with a new ultramicro oxygen electrode. J. Appi. Physiol. 28:387-390, 
1970. 
Blalock, Α.: The cause of the low blood pressure produced by muscle inju­
ry. Arch. Surg. 20:959-996, 1930. 
Blinks, L.R., Skow, R.K.: The time course of photosynthesis as shown by a 
rapid electrode method for oxygen. Physiology 24:420-427, 1938. 
Boeking, J.К., Sibbald, W.J., Holliday, R.L., Scott, S., Viidik, T.: Plasma 
catecholamine levels and pulmonary dysfunction in sepsis. Surg. Gynec. 
Obstet. 148:715-719, 1979. 
Border, J.R., Gallo, E., Schenk, U.G.: Systemic arteriovenous shunts; a 
common cause of high output cardiac failure. Surg. 60:255-261, 1966. 
Borow, M., Aquilizan, L-, Krausz, Α., S t e f a m d e s , Α.: The use of central 
venous pressure as an accurate guide for fluid replacement. Surg. 
Gynecol. Obstet. 120:545-552, 1965. 
Bourdeau-Martim, J., Honig, C R . : Control of coronary ιntercapiIlary dis­
tance: effect of arterial pC02 and pH. Microvasc. Res. 6:286-296, 1973. 
Brantigan, J.U., Gott, V.L., Vestal, M.L., Ferguson, G.J.: A nonthromboge-
m c diffusion membrane for continuous in vivo measurement of blood 
gases by mass spectrometry. J. Appi. Physiol. 28:375-377, 1970. 
138 
Brantigan, J.W., Gott, V.L., Martz, M.N.: A Teflon membrane for measu­
rement of bLood and ιntramyocardia I gas tensions by mass spectroscopy. 
J. Appi. Physiol. 32(2):276-282, 1972. 
Brantigan, J.U., Ziegler, E.C., Hynes, K.M., Miyazawa, T.Y., Smith, A.M.: 
Tissue gases during hypovolemic shock. J. Appi. Physiol. 37:117-122, 
1974. 
Brod, J., Hejl, Z., Hornyck, Α., Slechta, V.: Effect of intravenous an­
giotensin infusion on redistribution of blood flow to viscera and 
muscle in man. In: Circulation in Skeletal muscle. 0. Hudlicka, ed., 
Pergamon Press, Oxford, pp. 15-23, 1968. 
Broder, G., Weil, M.H.: Excess lactate:an index of reversibility of shock 
in human patients. Science 143:1457-1459, 1964. 
Burton, K.S., Johnson, P.C.: Reactive hyperemia in individual capillaries 
of skeletal muscle. Am. J. Physiol. 223:517-524, 1972. 
Byrne, J.J. : Symposion on shock. Introduction Am. J. Surg. 110:293-297, 
1965. 
Cady, L.D., Weil, M.H., Afifi, A.A., Michaels, S.F., Liu, V.Y., Shubin, 
H.: Quantitation of seventy of critical illness with special reference 
to blood lactate. C n t . Care Med. 1:75-80, 1973. 
Campbell, J.Α.: Gas tensions in the tissues. Physiol. Rev. 11:1-40, 1931. 
Carrier, 0., Walker, J.R., Guyton, A.C.: Comparative effects of pH and 
hypoxemia on minute coronary, mesenteric and muscle arteries. Angiology 
17: 488-492, 1966. 
Cater, D.B., Silver, I.A.: Mi croe lectrodes and electrodes used in biology. 
In: Reference Electrodes, D.J.G. Ives, G.J. Janz, eds.. Academic Press, 
London and New York, pp. 464-523, 1961. 
Celander, 0.: The range of control exercised by the ' sympath ι co-ad rena I 
system'. Acta Physiol. Scand. 32:suppl. 116, 1954. 
Celsus de Medicina, Book 5. 26, 7-13. In: Celsus de Medicina, with an 
English translation by U.G. Spencer. Vol. II. Harvard University Press, 
London, ρ. 73, 1961 . 
Chance, В., Schoener, В., Schindler, F.: The intracellular oxidation-re­
duction state. In: Oxygen in the animal organism. F. Dickens; E. Neil, 
eds., Pergamon Press, Oxford, pp. 367-384, 1964. 
Chanutin, Α., C u r m s h , R.R.: Effect of organic and inorganic phosphates on 
the oxygen equilibium of human erythrocytes. Arch. Biochem. Biophys. 
121 : 96-102, 1967. 
Chapman, C.B., Fisher, J.N., Sproule, B.J.: Behavior of stroke volume at 
rest and during exercise in human beings. J. Clin. Invest. 39:1208-
1213, 1960. 
Chaplin, H., Jr., Mollison. P.,L., Vetter, Η.: Body/venous hematocrit 
ratio: its constancy over wide hematocrit range. J. Clin. Invest. 
32:1309-1316,1953. 
Chien, S., Dellenback, R.J., Usami, S., Burton, D.A., Gustavson, P.F., 
Magazinovic, V.: Blood volume, hemodynamic, and metabolic changes in 
hemorrhagic shock in normal and sp lenectomized dogs. Am.J.Physiо 1. 225: 
866-879, 1973. 
Chinard, F.P., Effros, R., Perl, U., Silverman, M. : Organ vascular and 
extravascular compartments in vivo. In: Compartments, Pools and Spaces 
in medical physiology; proceedings of a symposium held at the Oak Ridge 
Institute of Nuclear Studies. (AEC Symposium Series, 11) Oak Ridge, 
Tennessee, (U.S. Atomic Energy Commission), pp 381-422, 1967. 
Clark, Jr., L. C : Monitor and control of blood and tissue oxygen ten­
sions. Trans. Amer. Soc. Art. Int. Organs. 2:41-45, 1956. 
Cloutier, C T . , Lowery, B.D., Carey, L.C: Acid-base disturbances in hemor­
rhagic shock. Arch. Surg. 98:551-557, 1969. 
Clyne, C.A.C., Jones, T., Moss, S., Ensell, J.: The use of radioactive 
oxygen to study muscle function in peripheral vascular disease. Surg. 
Gynecol. Obstet. 149:225-228, 1979. 
139 
Cohn, J.N.: BLood pressure measurement in shock. J.A.M.A. 199:118-122, 
1967. 
Cope, 0., Litwin, S.B.: Contribution of the Lymphatic system to the reple­
nishment of the plasma volume following a hemorrhage. Ann. Surg. 
156:655-667, 1962. 
Couch, N.P., Dmochowski, J.R., Hater, J.M.van de, Harken, D.E., Moore, 
F.D.: Muscle surface pH as an index of peripheral perfusion in man. 
Ann. Surg. 173:173-183, 1971. 
Cross, R.B., Gimlette, T.M.D.: The effect of intramuscular injections of 
K, ATP and lactic acid on muscle blood flow estimated by 133 Xe clea­
rance from the point of injection. J. Physiol. 189: 43P-48P, 1966. 
Cuesta Valentin, M.A.: De invloed van endotoxine shock op de long. Thesis, 
Free University of Amsterdam, 1981. 
Czer, L.S.C., Schoemaker, Ы.С.: Optimal hematocrit value in critically ill 
postoperative patients. Surg. Gynecol. Obstet. 147:363-368, 1978. 
Daniel, A.M., Pierce, C.H., MacLean, L.D., Shizgal, H.M.:: Lactate metabo­
lism in the dog during shock from hemorrhage,cardiac tamponade or 
endotoxin. Surg. Gynecol. Obstet. 143:581-586, 1976. 
Daniel, A.M., Shizgal, H.M., MacLean, L.D.: The anatomic and metabolic 
source of lactate in shock. Surg. Gynecol. Obstet. 147:697-700, 1978. 
Daugherty, Jr. R.M., Scott, J.В., Dabney, J.M., Haddy, F.J.: Local effects 
of 02 and C02 on limb, renal, and coronary vascular resistances. Am. J. 
Physiol. 213:1102-1110, 1967. 
Davies, P.W., Brink, Jr. F.: Mi croe lectrodes for measuring local oxygen 
tension in animal tissues. Rev. Sei. Instrum. 13:524-533, 1942. 
Davies, Р.Ы.: The oxygen cathode. In: Physical Techniques in Biological 
Research, W.L. Nastuk, ed.. New York and London, Academic Press, Vol. 
IV , Chapter 3., pp.137-179,1962. 
Dawidson, I., Appelgren, L., G e l m , L.E., Haglind, E., Lund, N.: Skeletal 
muscle microcirculation and oxygenation in experimental intestinal 
shock: a study on the efficacy of different plasma substitutes. Circu­
latory Shock. 7:435-445, 1980. 
Dietzman, R.H., Beekman, C.B., Romero, L.H., Schultz, L.S., Lillehei, 
R.C.: Effects of blunted sympathetic nervous system response on regio­
nal tissue perfusion in experimental endotoxic shock. J. Surg. Res. 
14:412-419, 1973. 
Dmochowski, J.R., Couch, N.P.: Skeletal muscle hydrogen ion activity in 
endotoxin shock. Surg. Gynecol. Obstet. 129:669-674, 1970. 
Donald, K.W., Bishop, J.M., Cummings, G., Wade, O.L.: The effect of ex­
ercise on the cardiac output and circulatory dynamics of normal sub­
jects. Clin. Sci. 14:37-41, 1955. 
Duling, B.R., Berne, R.M.: Longitudinal gradients in p e n arte π o lar oxygen 
tension. Circ. Res. 17:669-678, 1970. 
Duling, B.R.: Coordination of mi croc ιrcuIatory function with oxygen demand 
in skeletal muscle. In: Advances in Physiolgical Sciences, Cardiovascu­
lar Physiology, Microcirculation and Capillary Exchange. A.G.B. Kovach, 
J. Hamar, L.Scabo, eds., Pergamon Press, Oxford, Volume 7, pp. 1-16, 
1980. 
Ehrly, A.M., Schroeder, W.: Oxygen pressure in ischemic muscle tissue of 
patients with chronic occlusive arterial diseases. Angiology 28:101-
108, 1977. 
Eldridge, F.L.: Relationship between lactate turnover rate and blood 
concentration in hemorrhagic shock. J. Appi. Physiol. 37:321-323, 1974. 
Emerson, Т.Е., Raymond, R.M.: Methyl presmsolone in the prevention of 
cerebral hemodynamic and metabolic disorders during endoxtoxin shock in 
the dog. Surg. Gynecol. Obstet. 148:361366, 1979. 
Engel, С. H. R.: Bepaling van pyrod ru ι ven zuur in bloed. In: Chemie en 
Kliniek, Volume III. Prof. Dr. E.C. Moyens, ed., van HoLtema en Warn­
dorf Ν.V., Amsterdam, pp. 143-145, 1952. 
140 
Erdmann, W., Krell, W., Metzger, H., Nixdorf, I.: Ein Verfahren zur Her­
stellung standardisierter Gold-Miк roelееtroden fur die P02-Messung im 
Gewebe. Pflugers. Arch. 319:R69-R72, 1970. 
Eriksson, E., Lisander, В.: Intravital microscopy of muscle blood flow in 
cats. Acta Physiol. Scand. Suppl. 330, 1969. 
E s n g , B.C., Frazee, L., Stephenson, S.F., Polk, J r . H . C , Fulton, R.L., 
Jones, C. E.: The predisposition to infection following hemorrhagic 
shock. Surg. GynecoI.Obst et. 144:915-917, 1977. 
Fatt, I.: Polarographie Oxygen Sensor. C R C Press, Cleveland, Ohio, 
1976. 
Filler, R.M., Das, J.В., Haase, G.M., Donahoe, P.K. : Muscle surface pH as 
a monitor of tissue perfusion and acid-base status. J.Ped.Surg. 6:535-
542,1971. 
Filler, R.M., Das, J.В., Espinosa, H.M.: Clinical experience with conti­
nuous muscle pH monitoring as an index of tissue perfusion and oxygena­
tion and acid-base status. Surg. 72:23-33, 1972. 
Finley, R.J., Duff, J.H., Holliday, R.L., Jones, D., Marchuk, J.В.: 
Capillary muscle blood flow in human sepsis. Surgery. 78:87-94, 1975. 
F leckensteιn, U., Weiss, Ch . : A comparison of p02-hιstograms from rabbit 
hind-limb muscles obtained by simultaneous measurements with hypodermic 
needle electrodes and with surface electrodes. Presented at the Sixth 
ISOTT meeting at Dortmund, 15-17 Sept, 1982. To be published at Plenum 
Press. 
Forster, R.E., Goodwin, C.U., Itada, N.: A new approach to the experimen­
tal measurement of mean tissue P02. In: Oxygen Transport to tissue II. 
J. Grote, D. Reneau, G. Thews, eds.. Adv. Exp. Med. Biol. Vol. 75 
pp.41-46, 1976. 
Franzeck, U.K., Talke, P., Bernstein, E.F., Golbranson, F.L., Fronek, Α.: 
Transcutaneous P02 measurements in health and peripheral arterial occlu­
sive disease. Surgery 91:156-163, 1982. 
Furuse, Α., Brawley, R.K., Struve, E., Gott, V.L.: Skeletal muscle gas 
tension.: Indicator of cardiac output and peripheral tissue perfusion 
Surg. 74:214-222, 1973. 
Ganz, U. and Swan, H.J.C.: Measurement of blood flow by thermodilution. 
Am. J. Cardiol. 29:241-246, 1972. 
Garby, L., de Verdier, C.H.: Affinity of human hemoglobin A to 2,3- di-
phosphoglycerate. Effect of hemoglobin concentration and pH. Scand. 
J. Clin. Lab. Invest. 27:345-350, 1971. 
Garcia-Barreno, P., Balibrea, J.L.: Metabolic response in shock. Surg. 
Gynecol. Obstet. 146:182-190, 1978 a. 
Gaг с ι a-Barreno. P., Balibrea, J.L., Aparicio, P.: Blood coagulation chan­
ges in shock. Surg. Gynecol. Obstet. 147:6-12, 1978 b. 
Garvey, J.W., Hagstrom, J.W.C., Veith, F.J.: Pathologic pulmonary changes 
in hemorrhagic shock. Ann. Surg. 181:870-875, 1975. 
Gerratana, F.J., Saranchak, H.J., Owens, G.: Cerebral and hepatic blood 
flow measured during shock using the mass spectrometer. J. Surg. Res. 
20:489-492, 1976. 
Gimbrere, J.S.F.: Septic shock. Neth. J. Med. 20:184-191, 1977. 
Gorczynski, R.J., Klitzman, В., Duling, B.R.: Interrelations between con­
tracting striated muscle and precapillary mi сrovessels. Am. J. Physiol. 
235 :H494-H504, 1978 
G o n s , R.J.Α.: Natrι um lactaat bij bloed verlies. Ned. Tijdschr. Geneesk. 
114:2113, 1970 a. 
G o n s , R. J. Α.: Fehler Quellen bei der Blutvo lumenbestιmmung im Shock. 
In: Shock, Stof fwechselVeränderungen und Therapie. ed., W.E. Zimmer-
mann, I. Staub, Schattauer Verlag, Stuttgart, New York, pp. 81-82, 
1970 b. 
141 
Granger, H.J., Goodman, A.H., Granger, D.N.: Role of resistance and ex­
change vessels in local microvascular control of skeletal muscle oxyge­
nation in the dog. Circ. Res. 38:379-385, 1976. 
Granger, H.J., Shepherd, Jr. A.P.: Intrinsic microvascular control of tis­
sue oxygen delivery. Microvasc. Res. 5:49-72, 1973. 
Gray, S.D.: Responsiveness of the terminal vascular bed in fast and slow 
skeletal muscles to a Ipha-adrenergι с stimulation. Angiologica 8:385-
396, 1971. 
Green, H.D.: Circulation: physical principles. In: Medical Physics, 0. 
Glasser, ed., Chicago, The Year Book Publishers, pp. 208-232, 1944. 
Gregersen, M.I.: Effects of circulatory states on determinations of blood 
volume. Am. J. Med. 15:785-792, 1953. 
Griffiths, J., Groves, A.C., Leung, F.Y.: Hypertriglyceridemia and hypo­
glycemia in gram-negative sepsis in the dog. Surg. Gynecol. Obstet. 
136:897-901, 1973. 
Groves, A.C., Woolf, L.I., O'Regan, P.J.: Impaired g luconeogenesι s in dogs 
with E.coli bacteremia. Surg. 76:533-538, 1974. 
Haddy, F.J., Molnar, J.I., Borden, C.W., Texter, Jr. E.C.: Comparison of 
direct effects of angiotensin and other vasoactive agents on small and 
large blood vessels in several vascular beds. Circulation 25:239-246, 
1962. 
Haddy, F.J., Scott, J.В.: Metabo 11 ca Ily linked vasoactive chemicals in 
local regulation of blood flow. Physiol. Rev.. 48:688-707, 1968. 
Hahn, P.F., Bale, U.F., Bonner, Jr. J.F.: Removal of red cells from the 
active circulation by sodium pentobarbital. Am. J. Physiol. 138:415-
420, 1942. 
Haller, Jr. J.Α., Ward, M.J., CahiIL,J.L.: Metabolic alterations in shock: 
the effect of controlled reduction of blood flow on oxidative 
metabolism and cata cholaimne response. J.Trauma 7:727-742, 1967. 
Hammersen, F.: The pattern of the terminal vascular bed and the ultra-
structure of capillaries in skeletal muscle. In: Oxygen transport in 
blood and tissue D.W. Lubbers, U.C. Luft, G. Thews, E. Witzleb, eds. 
Georg Thieme Verlag, p.184-261, 1968. 
Hardaway, R.M.: Clinical management of Shock. Charles Thomas, 1966. 
Hardaway, R.W., James. Jr. P.M., Anderson, R.W., Bredenberg, C E . , West, 
R.L.: Intensive study and treatment of shock in man. J.A.M.A. 199:779-
790, 1967. 
Hardaway, R.M.: Clinical management of shock. Milit. Med. 134:643-654, 
1969. 
Hardaway, R.M.: Monitoring of the patient in a state of shock. Surg. Gyne­
col. Obstet. 148:339-345, 1979. 
Hardaway, R.M.: Capillary perfusion in shock. In: Capillary Perfusion in 
Health and Disease. ed., R.M. Hardaway, Futura Publisher Company, New 
York, p. 163, 1981. 
Hartong, J.M., Dixon, R.S.,: Monitoring resuscitation of the injured 
patient. J A M A 237:242-244, 1977. 
Hauss, J., Schönleben, К., Spiegel, H.U.: Therapιekontго l le durch Über-
wachung des Gewebe-P02. Aktuelle Probleme in der Angiologie, Verlag 
Hans Huber Bern, Stuttgart, Wien, Band 41, 1982. 
Hekman, W.: De zuurstofsaturatι e van het centraal-veneuze bloed. Ned. T. 
Geneeskunde. 112: 2338-2340, 1968. 
Hinshaw, L.B., Solomon, L.A., Holmes, D.D., Greenfield, L.J.: Comparison 
of canine responses to Escherichia coll organisms and endotoxin. Surg. 
Gynecol. Obstet. 127:981989, 1968. 
Hinshaw, L.B., Mathis,M.C., Nanaeto, J.Α., Holmes, D.D.: Recovery patterns 
and lethal manifestations of live Escherichia coll organism shock. J. 
Trauma 10: 787-794, 1970. 
142 
Hinshau, L.B., Benjamin, В., Archer, L.T., Beller, В., Coalson, J.J., 
Hirsch, J.6.: Physiopathologie responses of the rhesus monkey to live 
Escherichia coll. Surg. Gynecol. Obstet. 142:893-900, 1976. 
Hinshau, L.B., Benjamin, В., Holmes, D.D., Seller, В., Archer, L.T., 
Coalson, J.J., Whitsett, T.: Responses of the baboon to live Escheri­
chia coli organisms and endotoxin. Surg. Gynecol. Obstet. 145:1-11, 
1977. 
Hinshau, L.B., Beller, В.К., Archer, L.T., FLournoy, D.J., White, G.L., 
Phillips, R.W.: Recovery from lethal Escherichia coll shock in dogs. 
Surg. Gynecol. Obstet. 149:545-553, 1979. 
Hirche, Hj., Steinhagen, С , Hosselman, I., Manthey, J., Bovenkamp, U. : 
The interstitial pH of the isolated skeletal muscle of the dog at rest 
and during exercise. In: Ion enzyme electrodes in biology and medicine. 
eds. M.Kessler et al. Baltimore University Park Press. 1976, pp 372-375. 
Hlastala, M.P.: Physiological significance of the interaction of oxygen 
and carbon dioxide in blood. Crit. Care Med. 7:374-379, 1979. 
Holden, W.O., DePalma, R.G., Drucker, W.R., McKalen, Α.: Ultrastructural 
changes in hemorrhagic shock. Electron microscopic study of liver 
kidney and striated muscle cells in rats. Ann. Surg. 162:517-536, 1965. 
Holtzman, S., Balderman, S.C.: Comparison of lactate and pyruvate during 
endotoxic shock. Surg. Gynecol. Obstet. 145:677-681, 1977. 
Honig, C R . , Bourdeau-Martι m , J.: Extravascular component of oxygen 
transport in normal and hypertrophι ed hearts uith special reference to 
oxygen therapy. Circ. Res. Supply II Vol 34 and 35:11/97-11/103, 1974. 
Honig, C R . , Feldstein, M.L., Frierson, J.L.: Capillary lengths, anasto­
moses, and estimated capillary transit times in skeletal muscle. Am. J. 
Physiol. 233:H122-H129, 1977. 
Horwitz, D.L., Moquin, R.B., Herman, С М . : Coagulation changes of septic 
shock in the sub-human primate and their relationship to hemodynamic 
changes. Ann. Surg. 175:417-423, 1972. 
Huch, Α., Huch, R.: Klinische und physiologische Aspekte der transcutane 
Sauerstood ruckmessung in der P e n na ta Imedi zi η . Ζ. Geburtsh. P e n n a t . 
179: 235-249, 1979. 
Huckabee, Ы. E.: Relationships of pyruvate and lactate during anaerobic 
metabolism. Ill Effect of breathing low-oxygen gases. J. Clin. Invest. 
37:264-271, 1958. 
Hudlicka, 0.: Muscle blood flow. Its relation to muscle metabolism and 
function, Swets & Zeitlmger, Amsterdam, 1973. 
Hyman, C , Roseli, S., Rosen, Α., Sonnenschein, R.R., Uvnas, В.: Effects 
of alterations of total muscular blood flow on local tissue clearance 
of radio-iodide in the cat. Acta Physiol. Scand. 46:358-367, 1959. 
Johnson, P.C.: The role of intravascular pressure in regulation of the 
microcirculation. In: Advances in Physiological Sciences, Cardiovascu­
lar Physiology, Microcirculation and Capillary Exchange. A.G.B. Kovách, 
J. Hamar, L. Scabo, eds., Pergamon Press, Oxford, Volume 7, pp.17-34, 
1980. 
Jones, T., Chesler, D.A., Ter-Pogossian, M.M.: The continuous inhalation 
of oxygen-15 for assessing regional oxygen extraction in the brain of 
man. Br. J. Radiol. 49:339-343, 1976. 
Jussila, E.J., N i i m k o s k i , J., Vanttinen, E.: Intraoperative recording of 
tissue gas tensions in calf muscles of patients with peripheral arte-
rial disease. J. Surg. Res. 29:533-540, 1980. 
Kessler, M., Lubbers, D.W.: Aufbau und Anwendungsmog 11chkeit verschiedener 
P02 -Elektroden. Pfugers Arch. ges. Physiol. 291: R 82, D 3. 
Kessler, M.: Normale und kritische Sauerstoff Versorgung bei Normo- und 
Hypothermie. Habil.-Schr. Marburg, Lahn, 1967. 
Kessler, M., Hoper, J-, Krumme, B.A.: Monitoring of tissue perfusion and 
cellular function. Anaesth. 45: 184-197, 1976. 
143 
Kim, S.I., Desai, J.M., Shoemaker, W . C . : Sequence of cardiorespiratory 
alterations after gradual prolonged hemorrhage in conscious d o g s . Am. 
J. Psysiol. 2 1 6 : 1 0 4 4 - 1 0 5 0 , 1969. 
Kimmich, H.P., Spaan, J.G., Kreuzer, F.: Directly heated transcutaneous 
oxygen sensor. In: Oxygen Transport to Tissue - III, e d s , I.A.Silver, 
M. Erecinska, H.I. Sicher, Plenum P r e s s , New York, p p . 2 5 - 3 0 . , 1 9 7 8 . 
Kitchin, A.H.: The effect of pitressin on hand and forearm blood flow. 
Clin. Sci. 1 6 : 6 3 9 - 6 4 4 , 1957. 
K l e i ] , A.J. van d e r . Koning, J. de: Tissue oxygen electrode for routine 
clinical application. In: Monitoring of Vital Parameters during Extra­
corporeal Circulation, H.P. Kimmich, ed.. Karger, Basel, pp. 9 5 - 1 0 0 , 
1981 . 
K l e i j , A.J. van der. Koning, J. d e , Beerhuizen, G., G o n s , R.J.Α., Kreu­
zer, F., Kimmich, H.P.: Early detection of hemorrhagic shock by muscle 
P02 assessment. Surgery, 1982 b. In p r e s s . 
Klei j, A.J. van der, Zelders, T., K o m n g , J . d e . G o n s , R.J.Α.: M i c r o c o m p u ­
ter assisted muscle-P02 assessment. In: Computers in Critical Care and 
Pulmonary M e d i c i n e , London, 1982 b. To be published. 
K l e i j , A.J. van der, Kimmich, H.P., G o n s , R.J.Α., Kreuzer, F., Koning, J. 
de, Beerthuizen, G.: Micro, surface, and needle oxygen e l e c t r o d e s : 
comparison of physiological relevance and clinical a c c e p t a n c e . Presen­
ted at Sixth IS0TT meeting at Dortmund, 15-17 Sept, 1982. To be pu­
bi ι shed. 
K o m n g , J. d e . K l e i ] , A.J. van der : An electrode for clinical P02 m o n i t o ­
ring. Arzneim.-Forsch./ Drug Res. 3 0 ( 1 1 ) 1 2 , p . 1 4 , 1 9 8 0 . 
K o m n g , J. d e , K l e i j , A.J. van der, B e e r t h u i z e n , G., Kreuzer, F.: Muscular 
oxygen pressure measured with a needle P02 electrode. Submitted for pu­
blication Pfugers Arch. 1982. 
K o n t o s , H.A., Shapiro, U., Mauck Jr. H.P., Richardson, D.W., Patterson, 
Jr. J.L., Sharp, Jr. A.R.: Mechanism of certain abnormalities of the 
circulation to the limbs in the t h y r o t o x i c o s i s . J. Clin. Invest. 
4 4 : 9 4 7 - 9 5 6 , 1 9 6 5 . 
Kontos, H.A.: Role of h y p e r c a p m c acidosis in the local regulation of 
blood flow in skeletal muscle. Circ. Res. Suppl. 1,1 98 -I 105, 1 9 7 1 . 
Kopp, K.H., Kieser, M., Sinagowitz, E.: Muscle P02 measurement in criti­
cally ill patients and its correlation to cardiac output and arterial 
P02. In: Monitoring of Vital Parameters during Extracorporeal Circula­
tion, H.P. Kimmich, ed.. Karger, B a s e l , pp. 8 7 - 9 4 , 1 9 8 1 . 
Kreuzer, F.: A new Polarographie procedure for measuring the blood oxygen 
tension in vitro. E x p e n e n t i a 1 3 : 3 0 0 , 1 9 5 7 . 
Kreuzer, F.: Neue Methoden zur Messung der Blutsauerstoff Spannung. Bull. 
Soc. F n b . Sci. Nat. 4 8 : 2 3 1 - 2 4 4 , 1 9 5 8 . 
Kreuzer, F., H a r n s , Jr., E.D., Nesler, Jr., C G . : A method for continuous 
recording in vivo of blood oxygen tension. J. Appi. Physiol. 1 5 : 7 7 -
82,1960 
Kreuzer, F., Turek, Ζ.: Oxygen supply to the heart. In: Oxygen supply of 
heart and brain. Physiology, P a t h o p h y s i o l o g y , Clinical I m p l i c a t i o n s , F. 
ten Hoor, J.A. Bernards, J.W. de Jong, F. Kreuzer, e d s . , Dutch Heart 
Foundation, The Hague, chapter 4 , pp. 4 8 - 6 1 , 1979. 
K r e u z e r , F., Kimmich, Η.P., Brezina, M.: Polarographie determination of 
oxygen in biological m a t e r i a l s . In: Medical and Biological Applications 
of Electrochemical Devices. J. Koryta ed. Chapter 6:173-261, 1 9 8 0 . 
Kreuzer, F.: Oxygen supply to t i s s u e s : The Krogh model and its assump­
t i o n s . E x p e n e n t i a . 3 8 : 1 4 1 5 - 1 4 2 6 , 1 9 8 2 . 
Krogh, Α.: The number and distribution of capillaries in muscles with 
calculations of the oxygen pressure head necessary for supplying the 
tissue. J. Physiol. ( L o n d . ) . 5 2 : 4 0 9 - 4 1 5 , 1919. 
144 
Kung, T.L., LeBLanc, Jr. O.H., Moss, G.: Percutaneous microsensing of 
muscle pH during shock and resuscitation. J. Surg. Res. 21:285-289, 
1976. 
Kunze, К.: Das Sauerstoffdruckfe ld ira normalen und pathologisch «eränder-
ten Muskel. Schriftenreihe Neurologie, Springer Verlag, Berlin, Band 3, 
1967. 
Kunze , K.: Normal and critical oxygen supply to the muscle. In: Oxygen 
transport in blood and tissue. eds. D.W. Lubbers, U.C. Luft, G. Thews, 
E. Witzleb. Georg Thieme Verlag. Stuttgart, pp. 198-205, 1968. 
Laks, H., O'Connor, N.E., Pilon, R.N., Anderson, W., MacCallum, J.R., 
Klovekorn, W.P., Moore, F.D.: Acute normovolemic hemodi lut i on : effects 
on hemodynamics, oxygen transport, and lung water in anesthetized man. 
Surg. Forum, 16:201-203, 1973. 
Lambertsen, C.J.: Transport of oxygen and carbondi о xi de by the blood. In: 
Medical Physiology, ed. V.B..Mount cast le. The V.B. Mosby Company, Saint 
Louis, pp. 1399-1422, 1974. 
Lang, K.: Angioarchitekton i к der terminalen Strombahn. In: Hdb. allg. 
Path. 11/7, 1-134, 1977. 
Lefer, A.M., Martin, J.: Relationship of plasma peptides to the myocardial 
depressant factor in hemorrhagic shock in cats. Circ. Res. 26:59-69, 
1970. 
Lemieux, M.D., Smith, R.N., Couch, N.P.: Electrometri с surface pH of 
skeletal muscle in hypovolemia. Amer. J. Surg. 117:627-631, 1969. 
Levinsky, N.G., Alexander, E.A., Venkatachelam, M.A.: Acute renal failure. 
In: The Kidney, eds, B.M Brenner, F.C. Rector, Saunders, chapter 24: 
pp.1181-1186,1981 . 
Lillehei, R.C., Longerbeam, J.K., Bloch, J.H., Manax, W.G. : The nature of 
irreversible shock:experimentaI and clinical observations. Ann.Surg. 
160:682-709, 1964. 
Lindbom, L., Tuma, R.F., Arfors, K.E.: Influence of oxygen on perfused 
capillary density and capillary red cell velocity in rabbit skeletal 
muscle. Microvasc. Res. 19:197-208, 1980. 
Littooy, F., Fuchs, R., Hunt, Т.К., Sheldon, G.F.: Tissue oxygen as a 
real-time measure of oxygen transport. J. Surg. Res. 20:321-325, 1976. 
Lubbers, D.W.: Quantitative measurement of tissue oxygen supply by P02 
Histogram. In: Monitoring of Vital Parameters during Extracorporeal 
Circulation., H.P. Kimmich, ed.. Karger, Basel, pp.67-72, 1981. 
Lucas, C.E.: The renal response to acute injury and sepsis. Surg. Clin. 
North Am. 56:953-975, 1976. 
Lullies, H.: Reiz- und Erregungsbedingungen vegetativer Nerven. Ergeb. 
Physiol. 38:621-673, 1936. 
Lund, Ν.: Studies on skeletal muscle surface oxygen pressure fields. 
Linkoping University, medical dissertations, no 71, 1979. 
Lund, N.: Skeletal muscle surface oxygen pressure fields in humans. In: 
Advances in Physiological Sciences. Volume 25: Oxygen Transport to 
Tissue, eds., A.G.B. Kovach, E. Dora, M.Kessler, I.A. Silver, Pergamon 
Press, Oxford, England, pp. 251-252, 1981. 
MacLean, L.D., Duff, J.H., Scott, H.M., Peretz, D.I.: Treatment of shock 
in man based on hemodynamic diagnosis. Surg. Gynecol. Obstet. 120:1-16, 
1965. 
Manny, J., Rabinovici, N., Schiller, M.: Insulin response to continuous 
glucose load in endotoxin shock in the dog. Surg. Gynecol. Obstet. 
145:198-202, 1977. 
Marchuk, J.В., Finley, R.J., Groves, A.C., Wolfe, L.I., Holliday, R.L., 
Duff, J.H.: Catabolic hormones and substrate patterns in septic pa­
tients. J. Surg. Res. 23:177-182, 1977. 
Marshall, B.E., Wyche, M.Q.: Hypoxemia during and after anesthesia. Anes­
thesiology 37:178-185, 1972. 
145 
Marshall, J.M.: The heart. In: Medical Physiology, B. Mountcastle, ed., 
The C.V. Mosby Company, Saint Louis, Vol. two, pp. 849-882, 1974. 
McConn, R.: The oxyhemoglobin dissociation curve in acute disease. Surg. 
Clin. North Am. 33:627-658, 1975. 
McKay, D.G.: Acute inflammation of the circulating blood. Pathobiol. Ann. 
3:71-82,1951. 
Messmer, K., Seifert, J.: Fehlerquellen bei der Blutvolumenbestιmmung im 
shock. In: Shock, Stof fwechselVeränderungen und Therapie, ed., W.E. 
Zimmermann, I. Staub, Schattauer Verlag, Stuttgart, New York, pp. 
45-52, 1970. 
Messmer, K., Lewis, D.H., Sunder-Plassmann, L., Klövekorn, W.P., Mendier, 
Ν., Holper, К.: Acute normovolemic hemodilut ι on. Eur. Surg. Res. 4:55-
70, 1972. 
Miller, J. N., Tutt, P.: A comparison of four blood gas analysis systems 
in working conditions. Biomed. Eng. 2:456-460, 1967. 
Miller, S.H., Duscher, M.L., Graham, U.P., Calabretta, A.M.: Alterations 
in analysis of tissue gases following c h r o m e implantation of teflon 
cannulas. Surg. Forum 26:565-567, 1975. 
Miller, T.R., Anderson, R.J., Lines, S.L., Henrich, W.L., Berns, A.S., 
Gabow, P.A., S c h m e r , R.W.: Urinary diagnostic indices in acute renal 
failure: A perspective study. Ann. Intern. Med. 89: 47, 1978. 
MiInor, W.R.: The normal circulatory function. In: Medical Physiolgy., 
V.B. Mountcastle, ed.. The C.V. Mosby Company, Saint Louis, Vol. two, 
pp. 930-943, 1974 a. 
Milnor, W.R. : The cardiovascular control system. In: Medical Physiolgy., 
V.B. Mountcastle, ed.. The C.V. Mosby Company, Saint Louis, Vol. two, 
pp. 958-983, 1974 b. 
Milnor, W.R.: Pulmonary circulation. In: Medical Physiolgy., V.B. Mount­
castle, ed.. The C.V. Mosby Company, Saint Louis, Vol. two, pp. 1008-
1018, 1974 с 
Montgomery, H., Horwitz, 0.: Oxygen tension of tissues by the Polarograp­
hie method. I. Introduction: oxygen tension and blood flow of the skin 
of human extremities. J. Clin. Invest. 27:1120-1130, 1948. 
Moore, F.D.: Metabolic care of the surgical patient., W.B. Saunders Co., 
Philadelphia, 1959. 
Myrvold, H.E.: Experimental septic shock. Acta Chir. Scand. suppl. 470, 
1977. 
Naylor, B.A., Welch, M.H., Shafer, A.W., Guenter, C.A.: Blood affinity for 
oxygen in hemorrhagic and endotoxic shock. J. Appi. Physiol. 32:829-
833, 1972. 
Neely, Ы.А., Berry, D.W., Rushton, F.W., Hardy, J.D.: Septic shock: clini­
cal, physiological, and pathological survey of 244 patients. Ann. 
Surg. 173,657-666, 1971 . 
Niimkoski, J., Halkola, L.: Skeletal muscle P02: indicator of peripheral 
tissue perfusion in haemorrhagic shock. In: Oxygen Transport to Tissue-
III, I.A. Silver, M. Erecinska, H.I. Bicher, eds.. Adv. Exp. Med. Biol. 
Vol. 94, Plenum Press, New York and London, pp. 585-592, 1978. 
Nowygrod, R., Heimlich, D.R., Buda, J.Α., Wolfe, C.S., Reemtsma, K.: 
Tissue gases in highmsk postoperative patients. Surg. Forum 1973: 5-7. 
Nunn, J.F., Freeman, J.: Problems of oxygenation and oxygen transport 
during haemorrhage. Anaesthesia. 206:19-25, 1964. 
Nunn, J.F.: Applied Respiratory Physiology. Butterworths, London, p.321, 
1977. 
Peters, J.P., van Slyke, D.D.: Quantitative Clinical Chemistry, methods. 
The Williams S Wilkins Co, Baltimore, 1932. 
Peyton, M.D., Hinshaw, L.B., Greenfield, L.J., Elkins, R.C.: Hypoglycemic 
effects of endotoxin in eviscerated dogs. Surg. Gynecol. Obstet. 
141:727-730, 1975. 
146 
Postel, i · , Schloerb, P.R., Furtado, D.: Pathophys ι оІодтс alterations du­
ring bacterial infusions for the study of bacteremic shock. Surg. 
Gynecol. Obstet. 141:683692, 1975. 
Proctor, H.J., Lentz, T.R., Johnson, G.: Alterations in baboon erythrocyte 
2,3-diphosphoglycerate concentration associated with hemorrhagic shock 
and resuscitation. Ann. Surg. 174:923-931, 1971. 
Proctor, H.J., Fry, J., Lennon, D.: Pharmacologic increases in erythrocyte 
2, 3- diphosphoglycerate for therapeutic benefit. J. Trauma 14:127-133, 
1974. 
Rakusan, K.: Oxygen in the Heart Muscle. Springfield, Illinois, Charles 
C. Thomas, p. 100, 1971. 
Pangarathnam, C.S., Plzak, Jr. L.F., Slim, M.S., Dmochowski, J.R., Gross, 
R.E.: Muscle surface pH monitoring during surface-induced hypothermia 
with circulatory arrest in puppies. J. Ped. Surg. 7:181-186, 1972. 
Rayner, A.V., Lambert, G.E., Fulton, R.L.: Cardiac function during 
hemorrhagic shock and crystalloid resuscitation. J. Surg. Res. 24:235-
244, 1978. 
Reeve, E.B., Gregersen, M.I., Allen, Т.Н., Sear, H.: Distribution of cells 
and plasma in the normal and splectomized dog and its influence on 
blood volume estimates with P32 and T-1824. Am. J. Physiol. 175:195-
203, 1953. 
Reeves, J.T., Grover, R.F., Filley, G.F., Blount, Jr. S.G.: Cardiac output 
in normal resting man. J. Appi. Physiol. 16:276-278, 1961. 
Renkin, E.M., Roseli, S.: Effects of different types of vasodilator mecha­
nisms on vascular tonus and on trans capi 11 ary exchange of diffusible 
material in skeletal muscle. Acta Physiol. Scand. 54:241-251, 1962. 
Rhodes, R.S.: Impaired mitochondrial function and gluconeogenesis in Late 
shock. J. Surg. Res. 30:325-330, 1981. 
RÖrth, M.: Hemoglobin interactions and red cell metabolism. Series 
Hematologica V, 1972. 
Rothe, C F . : Oxygen deficit in hemorrhagic shock in dogs. Am. J. Physiol. 
214:436-442, 1968. 
Rutherford, R.B., Trow, R.S.: The pathophysiology of irreversible hemor-
rhagic shock in monkeys. J. Surg. Res. 14:538-550, 1973. 
Schneider, M.: Einfuhrung in die Physiologie des Menschen. Springer-
Verlag, Berlin, Heidelberg, New York, pp. 310-311, 1971. 
Sehne iderman, G., Goldstick, Т.К.: Oxygen fields induced by recessed and 
needle oxygen mi с roe lectrodes in homogeneous media. Adv. Exp. Med. 
Biol. 75:9-16, 1976. 
Schönleben, К., Hauss, J.P., Spiegel, U., Bunte, H., Kessler, M.: Monito­
ring of tissue P02 in patients during intensive care. In:0xygen Trans­
port to Tissue-Ill, I.A. Silver, M. Erecinska, H.I. Bicher, eds.. Adv. 
Exp. Med. Biol. Vol. 94, Plenum Press, New York and London, pp. 593-
598, 1978. 
Schuchhardt, S.: P02 - Messung im Myokard des schlagenden Herzens. Pflü-
gers Arch. 322:83-94, 1971. 
Schumer, W., Sperling, R.: Shock and its effect on the cell. J. A.M.A. 
205:215,219, 1968. 
Schumer, W., Erve, P.R., Miller, В.: Biochemical monitoring of the 
surgical patient. Surg. Clin. North Amer. 55:11-20, 1975. 
Sevennghaus, J. W., Bradley, A.F.: Electrodes for blood P02 and PC02 de­
termination. J. Appi. Physiol. 13:515-520, 1958. 
Sevennghaus, J.U.: Blood gas calculator. J. Appi. Physiol. 21:1108-1116, 
1966. 
Seyfer, A.E., Zajtchuk, R., Haclett, D.R., Mologne, L.A.: Systemic vascu­
lar performance in endotoxic shock. Surg. Gynecol. Obstet. 145:401-407, 
1977. 
Shoemaker, W.C.: Sequential hemodynamic patterns in various causes of 
shock. Surg. Gynecol. Obstet. 132:411-423, 1970. 
U 7 
Shoemaker, W.C.: Cardiorespiratory patterns in complicated and uncompli­
cated septic shock: physiologic alterations and their therapeutic im­
plications. Ann. Surg. 174:119-125, 1971. 
Shoemaker, W., Reinhard, J.M.: Tissue perfusion defects in shock and 
trauma states. Surg. Gynecol. Obstet. 137:980-986, 1973. 
Shoemaker, W.C., Elwyn, D.H., Levin, H., Rosen, A.L.: Use of nonparametnc 
analysis of cardiorespiratory variables as early predictors of death 
and survival in postoperative patients. J. Surg. Res. 17:301-314, 
1974. 
Silver, I.A.: A symposium on the measurement of oxygen tension in tissues 
and their significance. In: Oxygen Measurements in Blood and Tissues, 
J.P. Payne, D.W. Hill, eds., Churchill, London, pp. 135-145, 1966. 
Silver, I.A.: Polarography and its biological applications. Phys. Med. 
Biol. 12:285-299, 1967. 
Silver, I.A.: Heterogeneity in tissue oxygenaton; systemic and local 
factors. In: Advances in Physiological Sciences. Volume 25: Oxygen 
Transport to Tissue, eds., A.G.B. Kovach, E. Dora, M.Kessler, I.A. 
Silver, Pergamon Press, Oxford, England, pp. 67-76, 1981. 
Simon, M.A., Olsen, U.R.: Capillary flow in hemorrhagic shock. Arch. Surg. 
99:631-636, 1969. 
Sinagowitz, E., Rahmer, H., Rink, R., Gornandt, L., Kessler, M.: Local 
oxygen supply in intra-abdominal organs and in skeletal muscle during 
hemorrhagic shock. In: Oxygen transport to tissue. Instrumentation, 
Methods and Physiology. eds. H.I. Sicher and D.F. Bruley. Adv. Exp. 
Med. Biol. 37A Plenum Press. New Υ Ο Γ Κ , London, pp. 505-511, 1973. 
Skillman, J.J., Olson, J.E., Lyons, J.H., Moore, F.D.: The hemodynamic 
effect of acute blood loss in normal man, with observations on the 
effect of the valsalva maneuver and breath holding. Ann. Surg. 166:713-
738, 1967. 
Skillman, J.J., Eltnngham, U.K., Goldelsen, R.H., Moore, F.D.: Transca-
pillary refilling after hemorrhage in the splenectomι zed dog. J. Surg. 
Res. 8:57-67, 1968. 
Skillman, J.J., Hedley-Whyte, J., Pallotta, J.Α.: Cardiorespiratory, meta­
bolic and endocrine changes after hemorrhage in man. Ann. Surg. 
174:911-922, 1971. 
Skinner, Jr. N.S. In: Peripheral Circulations, R. Zelis, ed.. Gruñe & 
Stratton, pp. 57-78, 1975. 
Skinner, Jr. N. S., Costón, J. C.: Interactions between oxygen, potassium, 
and osmolality in regulation of skeletal muscle blood flow. Circ. Res. 
Suppl. I to vol 28+29:173-185, 1971. 
Skinner, N. S., Powell, U. L.: Action of oxygen and potassium on vascular 
resistance of dog skeletal muscle. Am. J. Physiol. 212:533-541, 1967. 
Slater, G.I., Vladeck, B.C., Bassin, R., Kark, A.E., Shoemaker, W.C.: 
Sequential changes in distribution of cardiac output in hemorrhagic 
shock. Surgery. 73:714-722,1973. 
Snyder, J.V., Carrol, G.C.: Tissue oxygenation: A physiologic appraoch to 
a clinical problem. Current Problems in Surgery, XIX: 1982. 
Sorensen, M.B., Engell, H.C.: Blood volume and hemodynamic changes in 
relation to extensivce vascular operations. Surg. Gynecol. Obstet. 
147:369-375, 1978. 
Sparks, Jr. H.V.: Skin and muscle. In: Peripheral Circulation, P.C. John-
son, ed., Wiley, New York, pp. 193-230, 1978. 
Sparks, Jr. H. V.: Effect of local metabolic factors on vascular smooth 
muscle. In: Handbook of Physiology, Washington, D.C., American Physio-
logical Society, Vol. 2, section two, pp. 475-513, 1980. 
148 
Star 11nger, Η., Lubbers, D.W.: Polarographic measurements of the oxygen 
pressure performed simultaneously with optical measurements of the re­
dox state of the respiratory chain in suspensions of mitochondria under 
steady-state conditions at low oxygen tensions. Pflugers Arch. 341 : 
15-22, 1973. 
Staub, N.C.: A simple small oxygen electrode. J. Appi. Physiol. 16:192-
194, 1961. 
Steinhagen, C , Hirche, H.J., Nestle, H.W., Bovenkamp, U., Mosselman, I.: 
The interstitial pH of the working gastrocnemius muscle of the dog. 
Pflugers Archiv. 367:151-156, 1976. 
Strandness, D. E. Jr., Sumner, D.S.: Measurement of blood flow. In: 
Hemodynamics for Surgeons, Grune В Stratton, New York, Chapter3, pp. 
31-46, 1975. 
Strodel, W.E., Callahan, M., Weintraub, W.H., Coran, A.G.: The effect of 
various resuscita11 ve regiments on hemorrhagic shock in puppies. J. 
Pediatr. Surg. 12:809-819, 1977. 
Sugerman, H.J., Austin, G., Newsome, H.H., Hylemon, P., Greenfield, L.J.: 
Hemodynamics, oxygen consumption and serum cat hecho lami ne changes in 
progressive, lethal peritonitis in the dog. Surg. Gynecol. Obstet. 
154:8-12, 1982. 
Suteu, I., C a f n t a , Α., Bucur, A.I.: Infracellu lar aspects in experimental 
shock. Revista S a m t a n a Militaría. 75:357-366, 1972. 
Suteu, I., Bandila, T., C a f n t a , Α., Bucur, Α., Candea, V.: Shock, Patho­
logy, Metabolism, Shock Cell, Treatment. Abacus Press, Kent, 1977. 
Swan, H.J.C., Ganz, W., Forrester, J.S., Marcus, H., Diamond, G., 
Chonette, D.: Catheterization of the heart in man with the use of a 
flow-directed balloon-tipped catheter. N. Engl. J. Med. 283:447-451, 
1970. 
Swan, H.J., Ganz, W.: Use of balloon flotation catheters in critically 
ill patients. Surg. Clin. North Am. 55:501-529, 1975. 
Tenney, S.M.: A theoretical analysis of the relationship between venous 
blood and mean tissue oxygen pressure. Respir. Physiol. 20:283-296, 
1974. 
Thys, L.G., Kalter, E.S.: Het transport en verbruik van zuurstof bi] sep­
tische shock. Ned. T. Geneesk. 126:245-250, 1982. 
Turai, I.: On the pathogenesis and treatment of shock. Chirurgia 9:205-216, 
1960. 
Turek, Z., Kreuzer, F., Hoofd, L.J.C.: Advantage or disadvantage of a 
decrease of blood oxygen affinity for tissue oxygen supply at hypoxia. 
Pflugers Arch. 342:185-197, 1973. 
Turek, Z., Kreuzer, F.: Effect of a shift of the oxygen dissociation curve 
on myocardial oxygenation at hypoxia. In: Oxygen Transport to Tissue-
II. Adv. Exper. Med. Biol., Vol. 75. J. Grote. D. Reneau and G. Thews, 
eds.. New York and London, Plenum press, pp. 657-662, 1976. 
Vatner, S.F., Higgins, C.B., Franklin, D.: Regional circulatory adjust­
ments to moderate and severe chronic anemia in conscious dogs at rest 
and during excercise. Circ. Res. 30:731-740, 1972. 
Vinueza Rojas, M.O.: Blood volume and haemorrhagic shock. Treatment during 
the refractory period. Thesis, Nijmegen, 1969. 
Vitek, V., Cowley, R.A.: Blood lactate in the prognosis of various forms 
of shock. Ann. Surg. 173:308-313, 1971. 
Wade, O.L., Bishop, J.M.,: Cardiac output and regional blood flow. Black-
well Scientific Publications, Oxford, 1962. 
Wakabayashi, Α., Nakamura, Y., Woolley, T., Mullin, P.J., Watanabe, H., 
Ino, T., Connolly, J.E.: Continuous percutaneous monitoring of muscle 
pH and oxygen pressure. Arch. Surg. 110:802-805, 1975. 
Watts, D.T., Westfall, V.: Studies on peripheral blood catecholamine 
levels during hemorrhagic shock in dogs. Proc. Soc. Exp. Biol. Med. 
115: 601-604, 1964. 
149 
Weil, M.H., Spink, W.W.: A comparison of shock due to endotoxin with that 
due to anaphylactic shock. J. Lab. Clin. Med. 49:708-722, 1957. 
Wells, C , Parks, D., Brown, R., and Hilton, J. :Tissue gas in responses 
to endotoxin administration. International Congress On Burn Injuries. 
Stockholm, Sweden, Abstract Book, Mr. 434, p. 61, 1978. 
Whalen, W.J., Nair, P: Intracellular P02 and its regulation in resting 
skeletal muscle of the guinea pig. Circ. Res. 11:251-261, 1967. 
Whalen, W.J., Nair, P., Buerk, В., Thuning, C.A.: Tissue P02 in normal and 
denervated cat skeletal muscle. Am. J. Physiol. 227:1221-1225, 1974. 
Whalen, W.J., Spande, J.I.: A hypodermic needle P02 electrode. J. Appi. 
Physiol.: Respirât. Environ. Exercise Physiol. 48:186-187, 1980. 
Wiggers, C.J.: The heart as a pump in cardiovascular dynamics. In: Cardio-
vascular Functions, A.A. Luisada, ed., Mc Graw-Hill, New York, chapter 
8, 1962. 
Willems, H.: Disturbances in pyruvate metabolism. A biochemical and clini-
cal investigation. Thesis, University of Nijmegen, p. 20, 1978. 
Wilson, R.F., Thai, A.P., Kindling, P.H., Grifka, T., Ackerman, E.: Hemo-
dynamic measurements in septic shock. Arch. Surg. 91:121-129, 1965. 
Wilson, R.F., Sarver, E.J., LeBlanc, P.L.: Factors affecting hemodynamics 
in clinical shock with sepsis. Ann. Surg. 174:939-943, 1971. 
Wilson, R.F.: The pathophysiology of shock. Intens. Care Med. 6:89-100, 
1980. 
Wood, Jr., W.B., Smith, M.R., Perry, W.D., Berry, J.W.: Studies on the 
cellular immunology of acute bacteremia-I, intravasular leucocytic 
reaction and surface phagocytosis. J. Exp. Med. 94:521-533, 1951. 
Wright, C.J.: Regional effects of hypovolemia and resuscitation with whole 
blood, saline or plasma. J. Surg. Res. 18:9-16, 1975. 
Zetterstrom, B.E.M.: Effects of locally released noradrenaline in prolon-
ged hemorrhagic hypotension. Acta Chir. Scand. Suppl. 423, 1972. 
Zollman, W., Culpepper, R.D., Turner, M . D . , Hardy, J.Α., Hardy, J.D.: 
Hemorrhagic shock in dogs. Am. J. Surg. 131:298-305, 1976. 
Zweifach, B.W.: The character and distribution of the blood capillaries. 
Anat. Ree. 73:475-495, 1939. 
Zweifach, B.W., Benacerraf, В.: Effect of hemorrhagic shock on the phago­
cytic function of Kupffer cells. Circ. Res. 6:83-87, 1958. 
Zweifach, B.W.: Mechanisms of blood flow and fluid exchange in microves-
sels: hemorrhagic hypotension model. Anesthesiology 41:157-168, 1974. 
150 
ACKNOWLEDGEMENTS. 
(Pro 
Kreu 
Uni ν 
stud 
cont 
des 
gas 
duri 
cons 
bloo 
Anim 
neul 
ble 
Inst 
Mr. 
med 
gram 
A.T. 
kamp 
work 
Dr. 
work 
Esch 
inf u 
coli 
duri 
Will 
than 
t ion 
who 
who 
t hes 
These 
f. Or 
zer), 
ersi ty 
I wish 
ies. S 
ri but i о 
Ir. J.H 
and PO2 
Hiss. 
va Lues 
ng her 
Mr. L. 
tructed 
Mrs. G. 
d Lacta 
Mr. W. 
The fi 
cted by 
The adv 
The ho 
al Labo 
y const 
Automat 
wi thou 
The pn 
rumenta 
F.J.M. 
Ir. J. 
the sta 
s . 
The dra 
van Ud 
The pho 
stud 
H. 
the 
of N 
to t 
ome 
ns . 
G. 
amp 
B. 
and 
leis 
J.C. 
the 
C M . 
te, 
Klei 
rst 
J . 
i ces 
spit 
rato 
ruct 
i zat 
t th 
euma 
l de 
Scho 
Huid 
tist 
ι es 
H.M. 
Cen 
i jme 
hank 
of 
de К 
U f i 
Ring 
assi 
ure. 
Fr 
fir 
van 
pyru 
nhan 
PO2 
Α. M 
of 
alit 
ry e 
ed Ρ 
i on 
e he 
tica 
part 
enma 
er ( 
i ca I 
were performed in the Department of General Surgery 
de Boer), the Department of Physiology (Prof. Dr. F. 
trai Animal Laboratory (Dr. W.J.I. van der Gulden), 
gen. The Netherlands. 
all persons who assisted and supported me during these 
them need to be mentioned because of their invaluable 
oning developed and constructed the POj needle electro-
er, the "corner stones" of this thesis. 
nalda took care for accurate determination of the blood 
sted the skeletal muscle P0 ? measurements in volunteers 
ι ngs 
st Τ 
Ste 
vate 
s wa 
hol 
i che 
Mr. 
У а 
nabi 
02 η 
and 
lp о 
Lly 
ment 
кег 
Dep 
ana 
assisted the hemorrhagic shock experiments and 
OP cart while I was encouraged by Mr. H.J. Boonen. 
enbergen-Spanjers and her assistants determined the 
and glucose contents. 
s always willing to solve our technical problems. 
der (front page) and the final TOP cart were con-
Is and L.J.M. van de Togt. 
J.C. van Zonsbeek solved much practical problems. 
nd co-operation of the employees of the Central 
ed me to perform the septic shock experiments with 
eedle electrodes by Mr. J.G. Spaan. 
computerization of the PO2 measurement was impossi-
f Ir. J.P. van Oeveren and Ir. T. Zelders. 
adjustable PO2 holder was constructed by the 
(subdivision; devices construction) supervised by 
artment of statistics. Drs. P. van Eiteren) perfor-
lysis and advised to utilize cumulative POj histo-
wings were made by Mr. W.P.J. Maas with the assistance of Mr. 
en. 
tography was done by Mr. C A . de Bruin and Mr. P.E.G. Haver-
The septic shock experiments were done during the period that I was 
ing at the Department of Thoracic, Cardiac and Vascular surgery (Prof. 
L. Lacquet) and were possible by the acceptance of an increased 
load of the residents. 
I am indebted much thanks to Prof. L. B. Hinshaw who provided the 
erichia eoli for the septic experiments and advised to use the slowly 
sion of the Escherichia coli. 
Mrs. J. van der Ros and Mrs. H. Kennis took care for the Escherichia 
nursery. 
Drs. G. Beerthuizen performed the in vitro experiments and assisted 
ng the experiments. 
Dr. R.G.W. Tiggeler revised the section urinary output and Dr. J.L. 
ems the section Lactate, Pyruvate and L/P ratio. 
The last chapter was impossible without the volunteers who I wish to 
k. 
A grant from the Boerema foundation enabled computerization. 
I. С I. -Pharma (Holland BV) provided financial support for publica-
of this thesis. 
Last but not least I wish to thank Mrs. T. van der Kleij-van Hasselt 
typed the manuscript and my brothers. Arie and Haarten van der Kleij, 
provided the Intec Computer Systems which enabled me to publish this 
is into this layout. 
151 
Curriculum vitae of A.J. van der KLeij, 
born 25th July 1944 at Zeist, The Netherlands. 
1957 
1964 
1965 
1972 
1973 
1973 
1973 
1976 
1982 
1982 
1983 
Sept. 
Febr. 
Sept. 
Jan. 
Jan. 
March. 
June. 
Aug. 
Aug. 
Sept. 
Jan. 
1963 
1965 
1972 
1973 
1973 
1973 
1976 
1982 
June 
June 
Dec. 
Dec. 
Febr. 
May. 
June. 
July. 
1983 Jan. 
• " 
Schoonoord, Η.θ. 
Military Servi ce 
University of Ut 
Pieter Pauw Hosp 
General Surgery 
Tropical course, 
Ikazia Hospita L, 
Gynaecology and 
Phalombe Hospita 
Medi cine and tra 
St. Radboud Hosp 
Department of Ge 
W.J.H. Schmidt; 
Dr. H.H.M. de Bo 
Genera I Surgeon. 
Department of Th 
Su где ry (Head : Ρ 
Department of Pe 
Dr. С Festen) 
S.-В, Zeist. 
recht. Faculty of Medicine. 
ι ta I , Wägern ngen, 
and Obstet ri es . 
Amste rdam . 
Rotte rdam, 
Obstetrics. 
I, Malawi, C - A f n c a , Tropical 
i m n g medical assistants. 
ital. University of Nijmegen, 
neral Surgery (Head: Prof. Dr. 
since Febr. 1977 Head: Prof. 
er) assistant in training. 
oracic. Cardiac and Vascular 
rof. Dr. L. Lacquet ) . 
diatric Surgery (Head: Prof. 



